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PREFACE TO SECOND EDITION 


In this edition all references to the recommendations contained 
in the First Progress Report of the Joint Committee on Concrete 
and Reinforced Concrete have been changed so as to apply to 
the final recommendations of this committee. Necessary changes 
have also been made in the illustrative problems which are based 
on these recommendations. The principal changes occur in 
the articles on the design of web reinforcement in beams and in 
the treatment of columns. 

_In addition to the changes above mentioned much of the sub- - 
ject matter has been improved and the entire volume brought 
up to date. 

G. A. H. 


Mapison, Wis. 
May 15, 1917. 


PREFACE TO FIRST EDITION 


This volume forms the first part of the regular course on Rein- 

forced Concrete Construction offered by the Extension Division 
of The University of Wisconsin and, in common with a number of 
the other structural engineering courses offered, presupposes a 
knowledge of the elements of structures. It has been written 
primarily to meet the needs of those who desire to take up the 
study of this subject by correspondence, but the author sees 
no reason why a text of this nature may not be employed for 
other purposes. 
’ The complete text for the course in Reinforced Concrete 
Construction is in three volumes: one on the fundamentals, one 
on the design and construction of retaining walls and buildings, 
and one on the design and construction of bridges and miscellan- 
eous structures. The present volume on fundamentals omits, for 
simplicity, the flat-slab type of floor construction—a subject 
reserved for thorough treatment under the heading of concrete 
floors in Volume II. The text is intended to be supplemented 
with such material as is suited to the special needs of the indi- 
vidual student. 

Information on the subject has been drawn from many sources 
but it should be stated that the text-books, ‘Principles of Rein- 
forced Concrete Construction’ by Turneaure and Maurer 
(Copyright, 1907, 1909 by F. E. Turneaure and E. R. Maurer) 
and “‘Concrete Plain and Reinforced” by Taylor and Thompson 
(Copyright, 1905, 1909 by Frederick W. Taylor) have been 
referred to constantly. 

The author wishes to express his indebtedness to Mr. F. C. 
Thiessen for-his excellent work in preparing the illustrations and 
for his help with the computations. 

The photographs of the beam and column tests were kindly 
lent by Mr. M. O. Withey, Assistant Professor of Mechanics in 
The University of Wisconsin. 


SAH. 


Tue University or WIScoNsIN, 
Manpison, WISCONSIN, 
June 1, 1912. 
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REINFORCED 
CONCRETE CONSTRUCTION 


PART I 
PROPERTIES OF THE MATERIAL 


Reinforced Concrete is concrete which is strengthened by 
having embedded in it some metal, usually steel. 

The component materials should separately possess certain 
properties, if satisfactory strength and durability are to be 
obtained in the structures having these materials in combination. 
The properties of each material will now be discussed, and those 
properties in particular will be emphasized which have the most 
to do with the safe and economic designing of structures. 


CHAPTER I 
CONCRETE 


1. General Reqiirements.—Concrete used in reinforced con- 
erete construction should be strong, of uniform quality, with a 
minimum of voids, and thoroughly sound. These qualities are 
required even more than in massive concrete, as the sections in 
reinforced concrete structures are comparatively small and the 
stability of a given structure depends to a greater degree upon 
the strength and durability of every part. 

The proportions commonly used in American practice vary 
from about 1:11/2:3 to 1:3:6, using either crushed stone or 
gravel. The rich mixture is usually required in structural 
parts subjected to high stresses or where exceptional water- 
tightness is desired. On the other hand, the use of a 1:3:6 
concrete requires careful grading of the materials to produce 
satisfactory results, even for ordinary work. 


2 REINFORCED CONCRETE CONSTRUCTION 


2. Cement.—The cement employed in reinforced concrete 
construction should be of high grade; only portland cement 
should be used, and the brand selected should conform to the 
specifications of the American Society for Testing Materials— 
‘for these specifications are now accepted as the American 
standard. 

3. Sand.—The sand employed should be free from clay, 
vegetable loam, sticks, and organic matter and should be of hard, 
dense, tough material. Siliceous quartz sands are the best, 
although sands from any durable rock will answer. 

Sharp sand was formally a requirement in all important con- 
struction, but this property is by no means essential. To be 
sure, by the use of sharp sand there is a slight tendency toward 
a concrete of greater crushing strength than when sand of . 
rounded grains is employed, but this influence on the result is of 
less importance than the size of grain, or granulometric composi- 
tion. Moreover, the sharper the sand employed—the relative 
sizes of the grains remaining the same—the greater the percent- 
age of voids, and consequently the greater the amount of cement 
required to produce a given density. (The term density is here 
used to express the ratio of the volume of the solid particles to 
the total volume of the concrete.) It is now generally conceded 
that the requirement of sharpness of sand should be omitted 
from concrete specifications. 

Tests of concrete (also mortar) show that strength and water- 
tightness increase with density, and so the best sand as to size is 
one which will produce the smallest volume of concrete of stand- 
ard consistency when mixed with the given cement and coarse 
aggregate in the required proportions. To put it somewhat 
differently,—the best sand for strength, for water-tightness, and 
also for economy (as will be seen later) is one which is so graded 
from fine to coarse that the percentage of voids in the resulting 
concrete is reduced toa minimum. Such asand has a very coarse 
appearance as the amount of fine material required is small. 

It has been found that the densest mixture occurs with par- 
ticles of different sizes and also that the least density occurs when 
the grains are all of the same size. Coarse and fine sands are thus 
inferior to graded sands for concrete, but of the two extremes 
the coarse sand is preferable. The reason for this is due to the 
fact that the coarse sand has a less total grain surface in a unit 
volume, even when the sands considered contain the same pro- 
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portion of solid matter and voids Less total grain surface means 
less cement and water to coat the grains, and less labor required 
in mixing. The additional amount of cement and water required 
in the case of the fine sand reduces the density of the resulting 
concrete and likewise its strength. (The density of neat cement 
ranges between 0.49 and 0.59, while the density of a sand mortar 
ranges from 0.60 for a fine sand to 0.75 for a coarse sand.) 

A fine sand is one containing more than 30 per cent. of par- 
ticles that will pass a No. 40 sieve (diameter of hole=0.015 in.). 


Sieve Ho 100 


No. 80 
“No. 50 
"No. 40 
~No, 30 
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Percentage retained on sieve 


° 025 950 0.075 0.100 o.125 0.150 O75 0.200 0.225 0.250 
Diameter of Particle in Inches. » 


Fic. 1.—Typical mechanical analyses of fine, medium and coarse sands. 


The finer the sand, the more nearly uniform the size of the grains 
and consequently the greater the proportion of voids. Very 
fine sand is seldom satisfactory and should not be used unless a 
coarser sand is not available. Even in such cases, tests of 
strength should be made with the idea of determining what 
extra cost may be justified in securing a coarser material. 

The most accurate method of determining the value of a sand 
with reference to its size is by means of a sieve analysis. This » 
consists of sifting the sand through several different sieves, and 
then plotting upon a diagram the percentage by weight which is 
passed (or retained) by each sieve—abscisse representing size 
and ordinates representing percentage. Fig. 1 represents the 
analyses of three natural sands—a fine, a medium, and a coarse 
sand. A standard size of sieve is 8 in. in diameter and 2 1/4 in. 
high. Woven brass wire sieves are employed for openings less 
than 1/10 in. in diameter; while for larger openings sheet brass 
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is used, having circular openings drilled to the required dimen- 
sions. The woven brass wire sieves are given commercial 
numbers which approximately coincide with the number of 
meshes to the linear inch. ‘The actual size of hole, however, 
varies with the gauge of wire used by different manufacturers 
and every set of sieves must be calibrated separately. A common 
defect in sieves is the displacing of the wires so that they are not 
perpendicular to each other; such sieves should be discarded. 
Sieves are made to fit together in nests, so that when a sample 
of sand is placed in the upper (or coarsest) sieve and the nest of 
sieves is thoroughly shaken, the quantity caught on each sieve 
can be determined at once. For analyzing sand the following 
sizes! are desirable: 


Commercial No...... Pa teers 10=-20 30 40 50 8&8 100 £200 
Approximate size of hole in 
INCHES? eieeiiae eects 0.073 .034 .022 .015 .011 .007 .0055 .0026 


Ascreen with 1/4-in. openings is generally employed for separat- 
ing out large material from sand. 

Specifications should limit the maximum amount of clay to be 
allowed in any given work. Loam should never be permitted, 
but clay to the amount of 5 to 10 per cent, if evenly divided, 
is often beneficial in lean mortars. In rich mortars the strength 
and density is decreased by even slight additions of clay; but 
in lean mortars the clay helps to fill the voids of the sand, and 
causes the cementing material to coat the grains better and to 
bind them together more strongly. 

Broken stone screenings have a small percentage of voids and, 
when free from clay, usually make excellent sand. These 
screenings ordinarily give a stronger mortar than natural sand 
but are likely to contain an undue amount of dust, especially 
when obtained from soft stone; in such a case the mass should 
be screened before being used in mixing mortar. Gravel screen- 
ings also constitute a good material in place of sand. All 
material passing a 1/4-in. screen is generally considered as sand, 
or fine aggregate; while all material larger than this size is 
classed as coarse aggregate. 

4. Stone.—For the coarse aggregate, either crushed stone or 
gravel is generally used. Any stone is suitable which is clean 
-and durable and which has sufficient strength to prevent the 
strength of the concrete from being limited by the strength of 


1 From American Civil Engineers’ Pocket Book, Ist edition, page 415, 
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the stone. Traps, granites, limestones, and the more compact 
sandstones are generally employed. Aggregates containing 
soft, flat, or elongated particles should never be used. 

All that has been said concerning voids in sand applies with 
equal force to the coarse aggregate. Fig. 2 illustrates the analy- 
sis of a bank gravel and of a crushed stone. Screens varying by 
a quarter of an inch from 1/4 in. up are desirable, but a very 
useful analysis may be made with fewer screens. A uniform 
size of stone filled with mortar does not make as dense or as 
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Fic. 2.—Typical mechanical analyses of bank gravel and crushed stone. 


strong a concrete as one in which the coarse aggregate is well 
graded—that is, where the small stones partly fill the larger 
interstices. A straight line on a mechanical-analysis diagram 
indicates a uniform grading of size. 

Other things being equal, the larger the stone, the stronger 
and denser the concrete. Experience has shown that for rein- 
forced concrete the maximum size should not be more than about 
1 in. to 1 1/2 in., in order that the concrete may fit itself closely 
around the reinforcing metal. The smaller the stone, the greater 
the surface to be coated, and the greater the amount of cement 
required. 

Most gravels are sufficiently durable for use in concrete. They 
should be at least reasonably clean, although a quantity of finely 
divided clay equal to 5 to 10 per cent of the gravel may add to 
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the strength of the concrete, if the cement paste does not entirely 
fill the voids. The presence of clay requires very thorough mixing. 
When gravel is used, it should be screened to separate the sand 
and then be remixed in order that the proportions may be definite. 

Cinders make good fireproof concrete, but are not recommended 
by the best authorities for reinforced work. The allowable stress 
is too low for economical use and, unless great care is taken in 
having a somewhat wet mix and in thorough mixing, there is 
danger of corrosion of the embedded steel due to porosity. Cin- 
ders for use in concrete should not contain many, if any, fine 
ashes and should consist of hard, clean, vitreous clinker, free 
from any unburned coal. Concrete containing this aggregate 
can safely be employed for filling between steel beams and for 
fireproofing steel: or iron columns, and for a concrete fill on top 
of reinforced concrete floors and roof slabs. 

5. Consistency.—Opinion differs as to the quantity of water 
that should be employed in mixing, but it is safe to say that a 
wet or mushy mixture should be used in reinforced concrete 
construction. Such a mixture flows easily under and around 
the metal reinforcement and ensures its preservation. It also 
conforms readily to the molds and gives a smooth surface. An 
excess of water, however, should be avoided. 

Experiments show that while dry concrete carefully mixed 
and rammed is stronger at the earlier ages than concrete mixed 
somewhat wet, in six months’ time but little difference in strength 
is found. Moreoever, with dry mixtures there is difficulty in ob- 
taining a uniform consistency—occasional batches being too dry. 

The water used in mixing concrete should be free from oil, acid, 
alkalies, or vegetable matter. 

6. Unit for Proportioning—When proportions of the ingre- 
dients of a concrete are specified, the specifications should state 
whether the cement shall be measured loose, or as packed in 
bags and barrels. The reason for this is clear when it is con- 
sidered that loose cement occupies about 30 per cent more 
volume than packed cement. The usual method is to specify 
the barrel of packed cement as the unit, and to assign itsome 
definite volume—the sand and stone to be measured loose. 

A barrel of Portland cement weighs 376 Ib., not including the 
barrel, and a bag of Portland cement weighs 94 lb.; in other 
words, there are four bags to a barrel. The cement as packed in 
a barrel occupies, on an average, a volume of about 3.2 cu. ft., 
but as the unit adopted is an arbitrary one in any case, 3.8 cu, ft. 
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to the barrel is generally taken as the standard. The value 
3.8 has been selected for convenience since 100 lb. of cement 
can thus be considered as 1 cu. ft. 

7. Theory of Proportions.—T wo well-established laws govern 
the theory of proper proportioning, namely: 

1. With the same percentage of cement in a unit volume of 
concrete, the strongest and most impermeable concrete isthat 
which has the greatest density. 

2. If the sand and stone remain the same, the strongest and 
most impermeable concrete is that containing the greatest 
percentage of cement in a unit volume. 

The first law is extremely important. Another way of express- 
ing it is to say that, to obtain the greatest strength and imper- 
meability, the cement should fill the voids of the sand and the 
resulting mortar should fill the voids of the stone. The second 
law means that with the same aggregates the strength and 
water-tightness increases with the amount of cement used— 
provided, however, that in some cases this amount be not in 
excess of the voids in the sand, and that the amount of mortar used 
in each case be the same. If the cement more than fills the voids 
of the sand, or if the mortar more than fills the voids of the 
stone, the concrete will be less dense than if the voids were 
just filled (ordinary concrete has a density between 0.80 and 0.88 
and hence is denser than either neat cement or cement mortar); 
and thus the strength due to increase of cement may be offset 
by the decrease in density. 

8. Proportioning by Mechanical Analysis.—Certain standard 
proportions, such as 1:2:4 and 1:21/2:5, are commonly em- 
ployed in practice; but better results with greater economy can 
often be secured by the use of mechanical-analysis curves. 
These curves make it possible to find the best proportions of 
different aggregates, and they also afford means of finding the 
best proportions attainable by screening the sand and the stone, 
and by making artificial combinations of the several portions. 

In proportioning by mechanical analysis, the object to be 
aimed at is to grade the fine and coarse aggregate so that the 
densest concrete will result from the use of a given amount of 
cement. This means that the object to be kept in view while 
grading should be a minimum percentage of voids; however, the 
use of much very fine material should be avoided for the reason 
cited in Art. 3. After this grading is accomplished, an amount of 
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cement should be used which will give the requisite strength or 


degree of imperviousness. 
The curve of maximum density, or ideal curve, for the com- 
bination of sand and crushed stone with a maximum size of | in. 
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is shown in Fig. 3. This curve was plotted from a set of rules 
determined by William B. Fuller and Sanford E. Thompson 
in an extended series of tests at Jerome Park Reservoir, New 
York, in 1903 and 1904!, These tests, from which the rules 


1 Transactions of the American Society of Civil Engineers, Vol. 59, 1907. 
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were deduced, comprised the screening of crusher-run stone and 
bank gravel into twenty-one sizes ranging from 3 in. down to 
material passing a No. 100 sieve, and then re-combining these 
sized materials in a predetermined mechanical-analysis curve 
by weighing out the necessary quantities of each size. Over 
400 different mechanical-analysis curves were made. The 
different mixtures were thoroughly mixed with a given weight 
of cement to a given consistency; then they were tamped into a 
strong cylinder, and their volume determined. These tests led 
to the determination of valuable rules for the plotting of ideal 
curves for density. Many of the mixtures were also made up into 
prisms and beams, and the strength of each was determined by 
breaking tests. These tests substantiated the two laws of the 
theory of proportions given in the preceding article. 

The maximum density curve was found to be of substantially 
the same form for different materials, whatever the maximum 
size of stone. The curve in all cases may be taken as a combina- 
tion of an ellipse and a straight line. First a straight line should 
be drawn from the point where the largest diameter stone reaches 
the 100 per cent line, to that point on the vertical ordinate at zero 
diameter which is given in column (1) in the following table: 


DATA FOR PLOTTING CURVES OF MAXIMUM DENSITY 


Intersection of Height of Axes of ellipse 
tangent with tangent 
Materials vertical at zero point 

diameter a (6+7) 

(1) (2) (3) (4) - 

Crushed stone and sand.......... 28.5 35.7 0.150 D 37.4 
ravel and Sand. 3c cee cs diane 26.0 33.4 0.164 D 35.6 
Crushed stone and screenings ..... 29.0 36.1 0.147 D 37.8 


In this table, D=the maximum diameter of the stone, in inches. 
Next mark the tangent point on this line—namely, where this 
line is intersected by the vertical ordinate for one-tenth the 
maximum stone. This mark should check with the values given 
in column (2) of the above table. Then plot the location of the 
axes of the ellipse from the values of a and (b+7) given in 
columns (3) and (4) respectively in the above table. The major 
axis of the ellipse should be placed on the 7 per cent line of 
percentages. (Fig. 3.) Now to plot the ellipse: take a strip of 
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paper and mark off the lengths of the semi-major and semi- 
minor axes upon it; each of these lengths should be laid off in the 
same direction from a common point, which we shall call K; 
denote the length of the semi-major axis as KA and the length of 
the semi-minor axis as KB; now swing the strip of paper little by 
little so that the outline of the curve may be marked off by the 
point K while the points A and B are kept at all times upon the 
axes b and a respectively. 

The principles by which sand and stone curves are combined 
into a single curve, with the object in view of approaching closely 
to the curve of maximum density, may best be explained by some 
typical problems as developed by Messrs. Taylor and Thompson." 

Suppose that we have for concrete the fine sand OA and the 
crushed stone DE of Fig. 4, and suppose the problem is to find 
what proportion of each material should be employed. The 
curves of the two materials are plotted to the same scale and 
the ideal curve is drawn by the method previously described. 
Experiments have shown that where the materials to be mixed 
are represented by only two curves, the best results are obtained 
when the combined curve intersects the ideal curve approxi- ~ 
mately on the 40 per cent line at F, and when the finer material 
is assumed to include the cement. The sand and stone curves 
in this case do not overlap, and hence for the best proportions, 
60 per cent by weight should be stone, and 40 per cent by weight 
should be sand plus cement. The combined curve is not drawn 
for this simple case. Now the proportion of cement to be used 
to give the required strength of concrete must always be assumed; 
and in this case one part by weight of cement to six parts by 
weight of dry aggregate (measured before the sand and stone are 
mixed together) will be considered as satisfactory. This will 
make the cement 1/7, or 14.3 per cent, of the total materials. 
Deducting-this from the percentage of cement plus sand, we 
have 40% —14.3%=25.7% sand. The best proportions, then, 
for a 1:6 mixture by weight are 14.3 parts cement: 25.7 parts 
sand: 60 parts stone, or a 1:1.8:4.2 concrete. In determining 
the corresponding proportions by volume, the weights of the 
sand and stone per cubic foot should be considered. 

Consider now the proportioning of the madium sand OB with 
the stone DE as before. The curve OB may be transformed so 
that it will pass through F, by changing the distances from the 
bottom line of the diagram to the curve OB in the proportion 


1 From Taylor and Thompson's ‘‘ Concrete, Plain and Reinfor cn ag iti 
to 788 inclusive. Copyright, 1905, 1909, by Frederick W. Taylor. eS a 
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Se 43 hicl } 
HG 937 %, which means that 43 per cent of the dry materials 


by weight should be cement plus sand, and 57 per cent stone. 
About 3 per cent of the stone is Sverlanped by the sand, but 
this is so slight it need not be considered here in determining the 
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Fic. 4.—Method of proportioning two aggregates. 
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combined curve. Theoretically, no overlapping in this case 
should occur, but it is practically impossible in a revolving 
screen to prevent some fine material being carried over to the 
openings of larger size. The best proportions of the cement, 
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sand, and stone should be determined in a similar manner to the 
previous problem. The combined curve is shown as ONFRE. 
The part of this curve to the left of F very nearly coincides with 
the ideal curve. For example, 43% of LM =0.43 X83 =35.7%, 
or almost exactly LN. From F to the right, the combined 
curve varies somewhat from the ideal. For example, the per- 
centage of particles larger than 4/10 of an inch =57% of PS= 
0.57 X82.5=47%, or PR. 

Now suppose that we consider two aggregates, the curves of 
which overlap—namely, OB and OKE of Fig. 4. The proportion 
of sand plus cement to use is ‘a 39 =40 %, with 07 = ee = 
60% stone. The combination curve, with the exception of the 
overlap, may be drawn in the same manner as before. The 


method of finding a point such as T is as follows: 
DV (0.60) + DW (0.40) =DT =43 %. 

The student should understand that the location given for 
the point F in the above problems can be only approximate. If 
possible in any given case, it would be advisable to vary the 
proportions somewhat each way from those obtained in the 
above manner, and determine the corresponding densities by 
volumetric tests. It should also be understood in this connection 
that the curve of maximum density may vary slightly from the 
so-called ideal curve; but the variation is never great, and there 
is the advantage of being able to plot, by means of simple rules, 
a curve which will lie at least very close to the maximum density 
curve for the given aggregates. 

It should be clear that plotting mechanical-analysis curves 
shows approximately not only the best proportions for given 
materials, but also shows how the materials may be improved 
by adding or subtracting some particular size. The most valu- 
able use, however, of the method of proportioning by mechanical 
analysis is in the kind of work which warrants employing several 
grades or sizes of sand and stone. The process of determining 
the percentage of each material varies for different cases and is 
more complicated than where but two aggregates are used. The 
following problem will give a fair idea of the method of solution 
for any given case. 

The two sizes of crushed stone and the sand shown in Fig. 5 
will be considered. The crushed stone curves show the sizes of 
stone which ordinarily pass through crusher screens of given 
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diameter of hole, and also illustrate how inefficient the screening 

process may be. For example, if the sizes of the particles had 

corresponded exactly to the diameters of the holes and the 

screening had been more perfectly done, the curves would have 
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had more nearly the direction and location of dotted lines No. 
la and No. 2a. In combining these curves so as to obtain the 
strongest and most impermeable concrete, it is quite clear that 
the grains smaller than 0.10 in. diameter must be supplied 
wholly from the portion Oa of the sand curve; while the larger 
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grains of the sand, represented by the portion ab, are pay 
dena 
in the No. 1 curve. The percentage of sand to use 1s an a5 = 
42%, since this percentage transforms the sand curve so that 
it fits very nearly the ideal curve from O to C. The percentage 
; , 43 ‘ 

of No. 2 stone required iste Too 742 %. This leaves 100— 
(42+43) =15% to be furnished by the No. 1 stone. Suppose 
now that a 1:7 concrete is desired. Then, since for more than 
two aggregates the finer material is not assumed to include the 
cement, there will beP=143 parts cement, and the propor- 
tions will be 14:42:15:48 or 1:3.0:1.1:3.1—the parts being by 
weight. An ordinate such as rs may be found as follows: 


(0.43) (100) + (rn) (0.15) + (ré) (0.42) =57% 


With three or more sizes of stone, it is often necessary to assume 
the required percentages of the intermediate sizes, and make 
many trial plottings, before we are able to determine the proper 
proportions to give the best combined curve. 

The following statement by William B. Fuller illustrates the 
possibilities of mechanical analysis:! “The ordinary mixture for 
water-tight concrete is about 1:2:4, which requires 1.57 barrels 
of cement per cubic yard of concrete. By carefully grading the 
materials by methods of mechanical analysis, the writer (Fuller) 
has obtained water-tight work with a mixture of about 1:3:7, 
thus using only 1.01 barrels of cement per cubic yard of concrete. 
This saving of 0.56 barrels is equivalent, with Portland cement 
at $1.60 per barrel, to $0.89 per cubic yard of concrete. The 
added cost of labor for proportioning and mixing the concrete 
because of the use of five grades of aggregate instead of two 
was about $0.15 per cubic yard, thus effecting a net saving of 
$0.74 per cubic yard. Ona piece of work involving, say, 20,000 
cu. yd. of concrete such a saving would amount of $14,800.00, 
an amount well worth considerable study and effort on the part 
of those in responsible charge.”’ 

The above statement does not take into account the cost of 
the sand and stone which would be needed for the approximate 
1:3:7 concrete over and above that required for the 1:2:4 mix- 
ture, but this amount would be small compared with the total 
saving. 

9. Quantities Required per Cubic Yard.—The following approxi- 


1 From Taylor and Thompson's ‘Concrete, Plain and Reinforced,” 2nd edition, page 183, 
Copyright, 1905, 1909, by Frederick W. Taylor, : 
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mate rule devised by William B. Fuller gives the quantities 
of packed cement, loose sand, and loose stone required, to make 
a cubic yard of concrete. Let c, s, and g be the number of parts 
by volume of cement, sand, and stone, respectively. Also, let 
C, S, and G be the required number of barrels of packed cement, 
the required number of cubic yards of loose sand, and the required 
number of cubic yards of loose stone, respectively. Then 


ae 11 
~ e+s+g ; 
Se 
S=CXsX oe 
3.8 
G=CX9 X 97 


If the stone is of nearly uniform size, about 5 per cent should be 
added to all quantities computed by the above rule and, on the 
other hand, if the stone is well-graded, about 5 per cent should 
be deducted. Although stone is sometimes screened to approxi- 
mately one size, it is only a waste of labor and material, for the 
screened stone makes a weaker concrete, and requires more 
cement. 

10. Compressive Strength.—The compressive strength of 
concrete varies within wide limits. The principal factors which 
affect compressive strength are: (1) the quality of cement used; 
(2) the quantity of cement in a unit volume of the concrete; (3) 
the character and size of the aggregates; (4) the density of the 
concrete; (5) the care taken in mixing; (6) the age of the mixture; 
and (7) the conditions under which the concrete seasons. 

Because of the different conditions met with in practice, it is 
somewhat misleading to present average values for the compres- _ 
sive strength of concrete. Where possible, the strength of any 
given concrete should be determined by actual tests and, if the 
results are too low, the ingredients or proportions should be 
changed until a satisfactory result is obtained. 

The two chief factors which determine the compressive strength 
of concrete, considering the materials as satisfactory, are age 
and proportions of ingredients. The relative amount of increase 
in strength of concrete, from 7 days to 6 months, for two common 
mixtures, is shown approximately in the table which follows. 
The table gives average values of the compressive strength 
in pounds per square inch based on tests made for the Boston 
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Elevated Railway Company at the Watertown Arsenal in 1899. 
The test pieces were 12-in. cubes. 


Mixture 7 Days | 1 Month 3 Months 6 Months 
OSPR, ot ete are 1565 | 2399 2896 3826 
Le SB sree crs 1311 | 2164 2522 3088 


The theoretical angle of rupture in crushing is about 60 degrees 
with the horizontal, and this theoretical conclusion is borne out 
by actual tests. For example, cubes of concrete will leave after 
crushing, pyramids whose surfaces are at an angle of about 60 
degrees with the base. Thus, it should be clear that to develop 
simply the normal compressive strength, the height of a speci- 
men should be at least one and one-half times its least lateral 
dimension. 

Conclusive evidence of the increased strength of cubes as 
compared with cylinders, due to the reason above given, is 
shown by the United States Government tests at St. Louis, 
the results of which are discussed in the U. S. Geological 
Survey Bulletin No. 344, 1908. Computations from these tests 
give a ratio of strength of 8 in. X16 in. cylinders to 6-in. cubes, 
at ages of thirteen and twenty-six weeks, as 0.88. This value 
coincides almost exactly with the empirical formula evolved 
by Prof. Johnson from results on sandstone and cast-iron prisms. 
The formula follows: 

strength of cylinder diameter of cylinder 
strength of cube height of cylinder 
A study of a number of tests on concrete tend to show that this 
formula may be applied with sufficient accuracy, considering 
the variability of the material, when comparing all sizes of 
concrete cylinders and cubes. 

Tests were formerly made on specimens of cube form, but 
recently the prismatic or cylindrical form of a height of 2 to 3 
diameters has been more commonly employed. Since there is a 
greater freedom for shearing action in the cylindrical specimen, 
it is generally used in studying the results of tests on columns. 
The cube form, however, is useful for comparison with the 
compressive strength of concrete in a beam. 

Tests on cylindrical specimens under different conditions show 


=0.778 +0.222 
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a variation in compressive strength at the end of 1 month, for 
concrete of ordinary proportions, from 1500 to 4000 lb. per square 
inch. Under reasonably good conditions as to character of 
material and workmanship, an average strength of 2000 lb. per 
square inch may be expected of a 1:2:4 concrete at the end of 
1 month; and for a 1:3:6 mixture, a strength of 1600 lb. per 
square inch. 

Taylor and Thompson present a practical working formula of 
sufficient accuracy to compare the compressive strength of 
mixtures of the same materials in different proportions. The 
values in the following tablet have been obtained from this for- 
mula based on cube specimens and medium consistency: 


| 
| 
Age, one month Age, six months 
Proportions 
Voids in crushed stone or gravel Voids in crushed stone or gravel 
a 50%? | 45%* | 40%4 | 30%5 | 20%5 || 50%? | 45%? | 40%4 | 30%5 | 20%5 
3 3 | 8 Ib. per Ib. perlb. per lb. perlb. per|/lb. perlb. perjlb. per/Ib. perjlb. per 
E § | 2/sq. in. | sq. in. | sq. in. | sq. in. | sq. in. || sq. in. | sq. in. | sq. in. | sq. in. | sq. in. 
oO m a 
1} | 2 | 2880 | 2860 | 2840 | 2800 | 2760 || 3890 | 3870 | 3840 | 3780 | 3730 
1 14 | 3 | 2780 | 2750 | 2720 | 2670 | 2610 3750 | 3710 | 3680 | 3600 | 3530 
1 | 14 4 | 2680 | 2650 | 2610 | 2540 | 2460 3620 | 3570 | 3520 | 3430 | 3330 
1 2 3 | 2560 | 2540 | 2510 | 2460 | 2410 || 3460 | 3420 | 3390 | 3320 | 3250 
i ae a 4 | 2480 | 2440 | 2410 | 2350 | 2290 3340 | 3300 | 3250 | 3170 | 3090 
iF 2 5 | 2400 | 2350 | 2310 | 2230 | 2170 || 3230 | 3180 | 3120 | 3010 | 2930 
if 2 6 | 2320 | 2260 | 2230 | 2140 | 2060 || 3130 | 3060 | 3010 | 2890 | 2780 
1 24 | 3 | 2370 | 2340 | 2320 | 2270 | 2230 || 3200 | 3160 | 3130 | 3070 | 3020 
1 24 | 4 | 2290 | 2260 | 2230 | 2180 | 2110 3090 | 3050 | 3010 | 2940 | 2850 
z 24 | 5 | 2210 | 2180 | 2130 | 2070 | 2000 2980 | 2940 | 2880 | 2790 | 2700 
1 2k | 6 | 2140 | 2100 | 2060 | 1980 | 1910 2890 | 2830 | 2780 | 2670 | 2570 
x 3 4 | 2120 | 2090 | 2060 | 2020 | 1970 || 2860 | 2830 | 2780 | 2720 | 2660 
1 3 5 | 2060 | 2030 | 1990 | 1930 | 1870 2780 | 2740 | 2690 ;} 2610 | 2530 
1 3 6 | 1990 | 1950 | 1910 | 1840 | 1770 || 2680 | 2630 | 2580 | 2480 | 2390 
1 3 8 | 1860 | 1810 | 1770 | 1680 | 1600 || 2510 | 2440 | 2390 | 2280 | 2160 


Note.—Proportions. are based on a barrel of 3.8 cu. ft. Values are for average ultimate 
strength, which must be divided by a factor of safety for working loads. Quality of mate- 
rials and methods of mixing may affect the strength by 25 per cent in either direction, while 
the relative values for different proportions are not materially changed. 

1 From Taylor and Thompson’s ‘‘Concrete, Plain and Reinforced,” 2nd edition, page 360. 

2 Use 50 per cent columns for crushed stone screened to uniform size. 

3 Use 45 per cent columns for average conditions and for crushed stone with dust screened 

out. ; 
4“ Use 40 per cent columns for gravel or mixed stone and gravel, 
5 Use these columns for graded mixtures, 
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It should be noticed in the table that the stone with the smaller 
percentage of voids gives the lower strength. This seeming 
irregularity is due to the fact that this stone measured loose 
has more solid material per cubic foot than the stone with the 
higher percentage of voids, and hence with the same proportions 
by volume, this stone gives a greater bulk of concrete, and less 
cement per unit volume. A smaller amount of cement shows 
here to have more influence in decreasing the strength than the 
greater density has in increasing it. It must not be inferred 
from this that the aggregate with the largest percentage of voids is 
best to use. Such an aggregate requires more cement to a given 
volume of concrete, and although the aggregate with fewer voids 
is sometimes slightly inferior in strength, the latter is the more 
economical. 

All the preceding results for the crushing strength refer to a 
compressive force applied over the entire upper surface of the 
specimen. Experiments show that if the load is applied upon 
only the central portion of the upper surface, the specimen will 
bear a greater unit load, due to the fact that the outer portions 
will aid the interior portion in resisting stress. In connection 
with the designing of concrete footings for the Boston Elevated 
Railway, thirty-six 12-in. cubes of 1:0:2 and 1:2:4 concrete 
were crushed at different ages by applying the load over the 
entire upper surface of the cube; then the same number of similar 
cubes were crushed by applying the stress over an area of 10 by 
10 in. and then a third set by applying the stress over an area 
of 8 by 81/4 in. The third series gave a strength 128 per cent of 
the first, and the second series gave 112 per cent. Age of the 
concrete and proportions of ingredients did not seem to have 
any influence on the above results. 

11. Tensile Strength. Concrete is frequently subjected to 
tension in reinforced concrete construction; not directly, how- 
ever, but as the result of bending as in beams, girders, and 
slabs. The value of this transverse strength is of little impor- 
tance; because, on account of the brittleness of concrete in tension 
and its liability to crack from shrinkage or from the shock of 
some of the applied loads, it is unsafe to depend upon the tensile 
strength of concrete in reinforced concrete design. In certain 
computations, however, the tensile strength must be considered. 

The character of the sand and aggregate, and poor workman- 
ship, have a greater influence on the tensile strength than upon 
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the compressive. Tests seem to show that reasonable values for 
ultimate strength in direct tension at the end of one month are 
about as follows: 


1:2:4 mixture. . . . 160-200 Ib. per square inch 
1:3:6 mixture. ...100-125 1b. per square inch 


The tensile strength of concrete at the place of greatest stress, 
that is, at the fiber most remote from the neutral axis, limits the 
strength of unreinforced concrete beams. Transverse tests of 
plain concrete should therefore show about the same relative 
results as tensile tests, and, in fact, they are quite as significant in 
this connection. The value of the ratio of modulus of rupture 
to tensile strength will ordinarily range from 1.8 to 2.0. 

12. Shearing Strength.—A true shearing failure can only 
occur when the external forces producing the failure act in 
opposite directions and close together. The actual strength of 
concrete in direct shear is greater than was formerly supposed 
because, in the earlier experiments, shear was confused with the 
diagonal tension which occurs in the web of a beam. Diagonal 
tension is explained at length in Chapter 1V. At the present 
time it is sufficient for the student to realize that, in this 
article, shear is considered to be the strength of the material 
against a sliding failure, when tested as a rivet or bolt would be 
tested for shear. 

Very few tests have been made to determine the shearing 
strength of concrete since it is difficult to arrange an experiment 
to determine this strength without involving some bending 
stress. Perhaps the best set of tests was made at the Massachu- 
setts Institute of Technology in 1904 and 1905 under the direction 
of Prof. Charles M. Spofford. Three grades of concrete were used 
—1:2:4, 1:3:5, and 1:3:6—and the specimens were stored in 
both air and water from 24 to 32 days. The specimens tested 
were cylinders 5 in. in diameter and 18 in. long, and the end 
thirds were held rigidly by cast-iron yokes. The pressure was 
applied through a cast-iron, half-cylinder bearing which fitted 
between the two yokes and caused the shearing of the concrete 
across two planes. Six extra cylinders of the same concrete 
were tested at the same time for compression. The tests gave a 
shearing strength ranging in general from 60 to 80 per cent of 
the compressive strength of the concrete. 

13. Contraction and Expansion.—The contraction and expan- 
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sion of concrete occurs from two causes: (1) temperature, and 
(2) hardening action. Like most building material, concrete 
contracts as the temperature falls, and expands as it rises. Its 
volume is also affected when it hardens, a shrinking action taking 
place when hardened in air and some expansion when hardened 
in water. 

Experiments show an average value of the coefficient of expan- 
sion of concrete, due to temperature changes, to be about 
0.0000055 per degree Fahr. which, it should be noted, is very 
nearly that of steel. Thus, when steel is embedded in concrete, 
the two materials will be but slightly stressed because of any 
difference in their rates of expansion. 

The amount of change in volume of concrete due to hardening 
increases with the proportion of cement used in the mixture. 
When hardened in air, concrete contracts about 0.0005 of 
its length; while the expansion, when hardening takes place 
under water, is only about 0.0001 of the length. The whole 
change is usually not accomplished for some months, but about 
half the whole is effected in about a week. 

14. Fireproofing Qualities—The value of concrete as a 
material to be used in the construction of the walls, columns, and 
floors of buildings is largely dependent upon its fireproofing 
qualities. 

Concrete has a low conductivity of heat due to two causes: 
(1) the presence of combined water, and (2) porosity. The 
water of crystallization, being chemically combined, -is not 
given off at the boiling-point. A part of this water goes off at 
about 500° Fahr., but the dehydration is not complete until 
900° Fahr. is reached. This vaporization of the water at the 
surface absorbs heat and protects the interior. The layer of 
changed material is then a better nonconductor than before, so 
the process goes on very slowly. The porosity of concrete also 
offers considerable resistance to the passage of heat since it is 
well known that air spaces are a most efficient protection against 
conduction. 

Steel is said to lose 10 per cent of its strength at 600° Fahr. 
and 50 per cent at about 750° Fahr. A fire in a building may 
reach a temperature of 2000° to 2300° Fahr., and the importance 
of sufficiently protecting the reinforcing steel from loss of strength 
due to overheating is therefore evident. The surface of a mass of 
concrete exposed to the action of flames for some time may be 
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ruined and may be flaked off by the application of a stream of 
water from a hose; but fortunately, the depth to which the heat 
penetrates is very limited. The conclusions to be drawn from 
experimental tests, and also from observations of the results of 
large fires, are that sharp corners of beams and columns are more 
susceptible to attack than wide, flat surfaces, such as slabs. 
Sufficient protection seems to be afforded the reinforcing metal 
by a 11/2 to 2 1/2 in. covering in beams and columns, and a 3/4 
to lin. covering inslabs. Little difference was observed between 
stone and cinder concrete—the burning of the bits of coal in poor 
cinder concrete being often balanced by the splitting of the stones 
in the stone concrete. It seems probable, from the composition 
of the rock, that hard trap or gravel may be preferable to hard 
limestone, slate, or conglomerate, as fire-resisting material, 
although further experiments are needed to determine their 
relative durability in this respect. Soft limestone as the aggre- 
gate should never be employed, as under the action of fire and 
water it disintegrates. 

Prof. C. L. Norton, in his report on the Baltimore fire to the 
Insurance Engineering Experiment Station, says: ‘‘Where con- 
crete floor arches and concrete-steel construction receive the full 
force of the fire, it appears to have stood well, distinctly better 
than the terra-cotta.’”’ The reason for this he considers to be 
due to the fact that terra-cotta expands about twice as much as 
steel, while concrete expands about the same. 

15. Waterproofing Qualities of Concrete-—Most of the tests 
and observations on the waterproofing qualities of concrete have 
been made with the idea of determining whether or not embedded 
steel is subject to corrosion from moisture and other causes. In 
general, the rusting of iron occurs only under the combined 
action of moisture and carbon dioxide. A coating of Portland 
cement has long been known to not only exclude moisture and 
carbon dioxide, but in hardening to absorb any carbon dioxide 
which may be present. Concrete as actually deposited around 
reinforcing steel cannot be said to be as effective as an unbroken 
coating of cement, but experiments show that this is practically 
accomplished if the concrete is mixed somewhat wet, so as to 
furnish a thin coating on the steel, and if it is comparatively free 
from voids and cracks. The preserving quality of concrete is 
thus dependent upon its consistency and the proportions em- 
ployed, but for ordinary reinforced work it may be concluded from 
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the results of tests and observations that, when well placed, the 
concrete affords complete protection of the steel against corrosion. 

16. Modulus of Elasticity—To gain clearness in this study, 
modulus of elasticity will be treated in Art. 25. 

17. Weight of Concrete.—A dense, well made, 1: 2: 4 concrete, 
when dry, will weigh approximately 155, 152, 148, and 143 Ib. 
per cubic foot, according as the aggregate is trap rock, gravel, 
limestone, or sandstone. These figures represent average values 
although the weight is affected but little by any ordinary varia- 
tion of proportions. It is found that a wet concrete when dried 
out will weigh less than a well compacted concrete containing 
originally less water. The addition of reinforcing steel in the 
usual proportions will add from 3 to 5b. Cinder concrete has 
an average weight of 112 lb. per cubic foot. 

The assumed weight of reinforced concrete is usually 150 Ib. 
per cubic foot. 


CHAPTER II 
STEEL 


18. Types of Reinforcement.—The reinforcing steel in rein- 
forced concrete construction is mostly in the form of rods, or bars, 
of round or square cross-section. These vary in size from about 
1/4 to 3/8 in. for light floor slabs, up to 1 1/2 in. as a maximum 
size for heavy beams and columns. Both plain-and deformed 
bars are used. With plain bars the adhesion between steel and 
concrete is depended upon to furnish the necessary bond strength. 
With deformed bars the usual adhesion is supplemented by a 
mechanical bond, the amount of this bond in any given case de- 
pending upon the shape of the bar. The adhesion of concrete 
to flat bars is less than for round or square bars, but the flat 
deformed bar possesses advantages over other forms when used 
as hooping for tanks, pipes, and sewers. 

Wire fabric and expanded metal in various forms are used to a 
considerable extent in slabs, pipes, and conduits. These types 
of reinforcement are easy to place and are especially well adapted 
to resist temperature cracks and to prevent cracking of the con- 
crete from impact or shock. 

A number of combinations of reinforcing forms are employed 
to a greater or less extent. These combinations are known as 
Systems. 

19. Quality of Steel.—Authorities differ as to the quality of 
steel to be used for reinforcement. Mild steel is the ordinary 
structural steel occurring in all structural shapes. High steel or 
steel of hard grade has a greater percentage of carbon than mild 
steel and is also known as high-carbon or high elastic-limit steel. 

Brittleness is to be feared in high steel, although this quality 
is not so dangerous when the metal is used in heavy reinforced- 
concrete members—for example, in heavy beams or slabs—as 
the concrete to a large extent absorbs the shocks and protects 
the steel. All high steel should be carefully inspected and tested 
in order to prevent any brittle or cracked material from getting 
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into the finished work. Steel of high elastic-limit is seldom 
employed where plain bars are used. 

Cold twisting increases the elastic limit and ultimate strength 
of mild steel bars. (See Fig. 6.) The increase, however, is not 
definite, varying greatly with slight variations in the grade of the 
rolled steel. 

Reinforcing bars rolled from old rails are being used to a con- 
siderable extent in reinforced-concrete work and seem to be giving 
satisfaction, especially in work such as footings, retaining walls, 
and possibly in slabs where the failure of one rod could not 
wreck the structure. 

An important test in the specifications for reinforcing steel 
is the bending test, and no steel which fails to pass this test 
should be used under any circumstances. In case a lot of steel 
has been delivered without previous test by the purchaser, one 
bar selected at random in every 100 chould be subjected to this 


Fic. 6.—Square Twisted Bar. 


test and, if it fails to pass, the portion from which it is taken 
should be rejected. 

20. Tensile Strength.—The elastic limit and ultimate strength 
of the two general grades of steel above mentioned will range 
about as follows: 


Medium High 
Elastic limit, Ib. per sq. in...... 35 to 40,000 50 to 60,000 
Ultimate strength, lb. per sq.in. 60 to 70,000 80 to 100,000 


21. Coefficient of Expansion.—The coefficient of expansion of 
steel may be taken at 0.0000065 per degree Fahr. 

22. Modulus of Elasticity——The modulus of elasticity of all 
grades of steel is very nearly the same and is usually taken at 
30,000,000. (Art. 25.) If steel could be made with a high modulus 
of elasticity, it would be especially fitted for reinforced concrete 
work, because the higher the modulus the less the deformation 
under any given loading. Unfortunately, however, the modulus 
of elasticity is a constant for all the different kinds of steel. 
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PROBLEMS 


1. A concrete as proportioned by mechanical analysis is a 1: 2.1: 4.9 
mixture by weight. If both the sand and stone weigh 100 lb. per cubic 
foot, what are the corresponding proportions by volume considering 100 
Ib. of cement as 1 cu. ft.? 

2. What would be the correct proportions by volume of the concrete of 
Problem 1, if the sand weighed 95 Ib. per cubic foot and the stone 90 |b. 
per cubic foot? 

. Consider a 1 : 2: 4 concrete, and let a cubic yard be composed of 1.57 
bbl. of cement, 0.44 cu. yd. of sand, and 0.88 cu. yd. of stone. The 
cement costs $1.50 per barrel and the stone $1.20 per cubic yard. Two 
sands are available, one at 50¢ and the other at $1.00 per cubic yard, 
which give a corresponding compressive strength of concrete of 2000 and 
2200 lb. per square inch respectively. Which sand is the more economi- 
cal if the concrete is to be used in members sustaining purely compressive 
stresses? 

4. By carefully grading the materials in Problem 3 using the £0¢ sand, it 
was found that practically a 1: 3:6 mixture having 1.11 bbl. cement, 
0.47 cu. yd. sand, and 0.94 cu. yd. stone, per cubic yard of concrete, 
could be used to give the same strength that the $1.00 sand gave in 
Problem 3. The added cost of labor for proportioning and mixing the 
concrete, due to the use of graded materials, was 10¢ per cubic yard. 
What would be the saving on a piece of work involving 10,000 cu. yd. 
of concrete? 

5. The sieve analysis of a bank gravel is as follows: 


ee) 


Size of mesh 


Sieve number eae Percentage passing 
1-in. 1.00 100.0 
3/4-in 0.75 92.5 
1/2-in. 0.50 80.0 
1/4-in. 0.25 71.0 

.15-in 0.15 64.4 
10 0.073 50.0 
20 0.034 34.0 
30 0.022 25.7 
40 0.015 20.8 
50 0.011 17.5 
80 0.007 11.0 
100 0.0055 9.5 


Show by mechanical analysis curves how you would screen the gravel 
into two sizes and combine to secure a concrete of greater density and 
strength. 


CHAPTER III 
CONCRETE AND STEEL IN COMBINATION 


23. Advantages of the Combination.—The highest success in 
the use of concrete and steel in combination is attained only 
when maximum strength is secured at minimum cost. This is 
accomplished when the steel and concrete are placed in such a 
manner as to derive their greatest strength, and when economical 
proportions of these materials are employed. 

Steel can be put into a form to resist a given tensile stress much 
more cheaply than it can be put into a form to resist a cor- 
responding compressive stress. This should be clear, when it is 
considered that the solid bar is well adapted to take tensile 
stresses, while for compressive stresses the steel must be made 
into forms of more extended cross-section, in order to provide 
the necessary lateral rigidity. There is a serious objection to 
the use of steel in many locations due to its lack of durability 
and its failure to stand up under a high heat. Steel is also a 
relatively expensive building material. 

Concrete, on the other hand, cannot be used in tension except 
to a very limited extent, but its.compressive strength is fairly 
high. It is also a good fireproof material and has great durabil- 
ity. In addition, concrete is a comparatively cheap material; 
is readily available in almost any locality, and tests and the 
results of observations show that it thoroughly protects em- 
bedded steel from corrosion. 

From the above considerations, it follows that reinforced 
concrete construction is advantageous to varying degrees in 
different types of structures. In structural forms subjected to 
both tension and compression, such as beams, the proper com- 
bination of the two materials meets with the best success. 
Steel rods embedded in the lower side of the beam carry the 
tensile stresses while the compressive stresses are carried by the 
concrete. Here, then, the steel is used in its cheapest form and 
the whole structure may be made strong, economical, and very 
durable. For columns, also, a combination of the two materials 
is quite advantageous although to a varying degree and, in any 
case, not to such a large extent as in beams. In this type of 
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structure, steel may be used with concrete in the form of small 
rods to reinforce the concrete; or it may consist of structural 
steel shapes in the form of a core, simply surrounded and held 
rigidly in place by the concrete—most of the load being carried 
by the steel; or finally, a steel column may be used and the 
concrete employed merely for the purpose of adding symmetry 
and providing fire protection. This last case does not come under 
the head of reinforced concrete and will not be considered in 
this course. The use of a moderate amount of steel with concrete 
so as to produce a material with a reliable tensile and bending 
resistance has opened the way for the use of this combination 
in a great variety of structures and in special individual forms. 

24. Bond Between Concrete and Steel.—Most of the tests on 
bond have been made by embedding a short reinforcing bar in a 
block of concrete and pulling it out in a testing machine. In 
the kind of tests referred to, the concrete is in compression and 
conditions do not correspond to those ordinarily encountered in 
beams and slabs. Pull-out tests of this character, however, 
give actual values for bond when the effects of length of embed- 
ment and size of bar are eliminated. 

In tests at the University of Illinois,’ attention was given to 
obtaining accurate measurement of slip of bar through the con- 
crete as the loading progressed, in both the ordinary pull-out tests 
and in tests on beams. 

In the pull-out tests the amount of movement of the free end of 
the embedded bar was measured by means of an Ames gage. 
(The load-slip curves after eliminating the size of bar and length 
of embedment are shown in Fig. 7.) In the beam tests, the Ames 
gage was used to measure center deflections and the movement of 
the ends of the reinforcing bars. In many of the tests, observa- 
tions were also made on the amount of slip of the reinforcing bar 
with respect to the adjacent concrete at several points along the 
length of the beam. 

In a series of experiments made at the University of Wisconsin? 
test beams were arranged as shown in Fig. 8—the reinforcing 
bars being embedded only a short distance from each end, leaving 
the middle portionexposed. The stress in the rods was computed 
from the observed deformations. ‘The beam was prevented from 
failing in the early stages of the tests, by an upper set of auxiliary 
rods. Failure finally occurred by the pulling out of the lower 


rods, as intended. 


1 Bulletin No, 71, Engineering Experiment Station, University of Illinois, 
2Bulletin of the University of Wisconsin, No. 321, Engineering Series, Vol. 5, No. 5. 
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A study of the results of many experiments leads to the con- 
clusion that for plain round or square bars, and for square 
twisted bars, a working bond stress equal to 4 per cent of the 
compressive strength of the concrete tested in the form of 8 by 
16-in. cylinders at the age of 28 days, is as high a stress as should 
be used in design. A somewhat higher working stress, however, 
may be used for the best types of deformed bars. 
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A rough surface gives a higher adhesive value than a smooth 
surface, consequently a thin film of rust on the reinforcing metal 
should not cause its rejection. Loose or scaly rust, though, 
should not be allowed. 

Let f, be the working tensile strength of the steel, a, the area 
of bar, o the circumference of bar, d the diameter or thickness 
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of bar, wu the working unit bond strength, and x the required 
length of embedment (or grip) for the above values of f, and wu. 
Then, to develop the strength of the steel, using either round or 
square bars, 


rou=a,f.="- f or pate. 


The initial movement in the case of indented bars is probably 
due to a slight crushing of the concrete under the projections. 
The strength mechanically obtained from the indented surfaces, 
however, depends upon the shearing strength of the concrete. 
The bars cannot be pulled through the concrete without shearing 
off an area equal to the total area of the indented portion and, in 
addition, overcoming adhesion along the remaining surface. 


Fig. 8. 


It is a common practice to bend the ends of reinforcing rods 
- into hooks consisting of either curved or right angle bends. 
Experiments on the efficiency of such hooks have shown that 
the ultimate bond strength was greatly increased. It was found 
that with an embedment in concrete in all directions equal to 8 
diameters of the bar, a hook of 5 diameters may be assumed to 
develop the elastic limit of the steel. When curved ends are 
used, they should consist of bends through 180 degrees with a 
short length of straight rod beyond the bend. Short square 
hooks upon the ends of bars are not of great value. 

25. Ratio of the Moduli of Elasticity.—In order to treat the 
subject clearly, it will be necessary to give a somewhat extended 
discussion of the term modulus of elasticity. The modulus of 
elasticity of a material such as steel is the ratio of the unit stress 
to the corresponding unit deformation, provided the elastic limit 
of the material is not exceeded. This ratio is usually denoted 
by #, or 

f 


E=5 


in which f denotes the stress in pounds per square tf, and d the 
corresponding deformation per unit of length. 
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Thus, if an external load of P lb. be applied to a steel bar 
whose length is J in. and whose cross-section is A sq. in., and if 
the compression under this load be d in., we should have 


Suppose an external force of 30,000 lb. be applied to a bar 
whose length is 10 in. and whose cross-section is 1 sq. in., and 
suppose the extension under this force is 0.01 in. We should 
have 
Pl _ (30,000) (10) 
Ad (1)(0.01) 

If the external force, or load, in pounds per square inch be 
represented by ordinates and the corresponding elongations or 


E= = 30,000,000 


Tensile Stress in Ib,per sq. in. 
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compressions be represented by abscisse, then the action of the 
specimen under test may be indicated by what is known as a 
stress-deformation diagram. In Fig. 9 a typical stress-deforma- 
tion diagram is shown for medium steel in tension. There are 
three significant points which need to be.noted. ‘These are: 
the elastic limit, the ultimate strength, and the breaking-point. 
These three points are indicated pies the letters A, B, and C, 
respectively. 
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Steel has a well-defined elastic limit in tension, as is readily 
seen by the diagram, and which is at least one-half the ultimate 
strength. It is represented by the ordinate of the point of 
tangency between the straight line and the rest of the curve. 
For medium steel in compression, the transition from the straight 
line to the curve is more gradual, and the point of tangency is 
more difficult to locate. If loads are applied which cause stress 
less than the elastic limit, no appreciable permanent deformation 
will exist when the loads are removed. Loads causing stress in 
the steel above this limit will, however, leave a permanent set 
on their removal. For example, suppose a steel bar is stretched 
with a force of 50,000 Ib. per square inch of cross-section. The 
point x will be reached in Fig. 9. The elongation of the bar will 
be about 0.07 in. per inch of length. If the load is removed, the 
diagram will go back along some line such as x2’. The perma- 
nent set isoxz’. If the bar is stretched so that the resulting stress 
per square inch is less than the elastic limit, then the diagram will 
go back along the line OA, and no deformation results. Since 
the line OA is straight, it is clear that below the elastic limit, 
stress is proportional to deformation. The above illustration 
could be applied equally well to steel in compression. 

Above the elastic limit the elongation of steel increases at a 
rate which becomes more and more rapid until finally the condi- 
tion of perfect plasticity is reached, and the body elongates 
under a constant force, while the lateral dimensions reduce more 
and more rapidly. The point B is reached when this action 
occurs. The piece at this point draws out rapidly, the breaking 
point C is soon reached, and the piece breaks under a reduced 
load. For a piece tested in compression, the points B and C' are 
almost identical. 

The modulus of elasticity may be figured theoretically by any 
stress and its corresponding deformation from O to A, but is 
generally figured near the elastic limit stress since practically a 
more accurate result can be thus obtained. The modulus of 
elasticity for steel in both tension and compression is about 
30,000,000. This value may be taken the same for all grades of 
steel, the variation being so slight. For medium steel, the elas- 

tic limit is about 36,000 Ib. per square inch for both tension and 
compression. 

In the design of reinforced concrete structures, it is necessary 
to know the relative stresses in the concrete and steel of com- 
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pression members under like distortions; and in beams, it is 
necessary to find the position of the neutral axis and the required 
percentage of steel. These may easily be determined if the 
modulus of elasticity is known for both the concrete and the 
steel. The modulus of elasticity for steel we already know. 
Let us now discuss the method of determining the modulus for 
concrete.! 

With concrete we have an entirely different material to deal 
with as regards elasticity. Fig. 10 shows a typical stress- 
deformation diagram for concrete in compression. As you can 
see, the compression curve is slightly 
curved almost from the beginning, the 
curvature gradually increasing toward 
the end in approximately the shape of 
a parabola. A release of load at even 
moderate stresses will show some 
permanent set, as OY, indicating im- 

perfect elasticity. After a few repe- 
Sek Ream as titions of such loads, however, there 
Pie 10: will be no further set, and the stress 
deformation diagram line will become 
straight up to the load applied, as YA, for example. There is 
a limit of stress beyond which repeated applications of the 
same load will continue to add to the permanent deformation, 
and the specimen will ultimately fail. This limit is found to 
be from one-half to two-thirds the ultimate strength and is 
called the elastic limit. Point S is the breaking-point and 
ultimate strength. 

For very low stresses, up to perhaps 300 to 400 Ib. per square 
inch, the variation of the curve from a straight line is so small 
that it may be considered straight, and an average straight line » 
may be drawn, as OT’, and its slope taken as the modulus of 
elasticity. -For higher stresses, the total deformation is OB and 
the modulus elasticity becomes 

AB 
"=OB 
This ratio will be less than the slope of the line OT. 

Later in the course when referring to these two methods of 
calculating the modulus, the slope of the tangent OT will be 
called the initial modulus and the slope of the line OA, the 
secant modulus. 


1 Discussion as given in Turneaure and Maurer’s “ Princi i 
Webuce cand calion saunas. Principles of Reinforced Concrete Con- 


Compressive stress 
(Ib per Sq in ) 
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Suppose a load passes frequently over a reinforced concrete 
structure, and let us consider a certain member in compression. 
The first application, let us say, causes d deformation with a 
permanent set d’. Then it should be clear, that the second appli- 
cation causes an additional deformation of only d-d’, which is 
the same as saying that both the concrete and the steel did not 
return to their original position before the second application. 
There must have been some compression still left in the steel, 
with an equal amount of tension in the concrete, when the second 
load was applied; in other words, the total deformation fixes 
the stress in the steel. Thus, for the determination of the relative 
stresses in the two materials for a working stress in the concrete, 


the modulus for the concrete should be expressed by a (Fig. 10) 


Le 
and not by the ratio YB ; 

Let us take the case of a beam. The compressive stresses in 
the concrete at any section will vary from zero at the neutral axis 
to the value AB, for example, at the extreme fiber. At inter- 
mediate points, the stresses and corresponding deformations follow 
approximately the law of the curve OA. In this case the slope 
of the chord OA does not exactly represent the facts, but for 
working loads the error is small. 

Tests on prisms show that the modulus of elasticity as desig- 
nated above for ordinary concrete, 30 days old and under work- 
ing loads, ranges from 2,500,000 to 3,500,000 Ib. per square inch. 
As a rule, the denser and older the concrete, the higher the 
modulus. 

Now that the meaning of the term modulus of elasticity has 
been made clear with reference to both steel and concrete, 
the reason for the occurrence of a constant ratio of the moduli 
in specifications and building codes will be discussed. 

Consider the stresses in the steel and concrete of a reinforced 
concrete column, reinforced with longitudinal rods only. Let 


fs =unit stress in steel. 

fe =unit stress in concrete. 

Es =modulus of elasticity of steel. 
E, =modulus of elasticity of concrete. 


Since the modulus of elasticity of a material is the ratio of 
stress to deformation, it follows that, for equal deformations, the 


34 REINFORCED CONCRETE CONSTRUCTION 


stresses in the steel and concrete of a reinforced concrete column 
will be as their moduli of elasticity. Thus, 


fe _ Es 
i c ¥ Ee 

This ratio of the moduli is generally denoted by the letter n, or 
af a nf é 


The term n, then, is the subject of this discussion and is the 
value referred to in the various specifications and building codes. 

The equation just given shows that if the stress in either the 
steel or concrete of a concrete column is known, the stress in the 
other material can be found, and this relation is made use of in the 
derivation of column formulas. Fig. 10 shows that the modulus 
of elasticity of concrete in compression is less for the greater 
loads, and hence the value of n is greater. Thus, it is plain that 
with increasing loads in concrete columns the steel receives a 
greater proportionate stress, the variation in the amount carried 
by the steel depending on the variation in the value of n. In 
order to take account of the fact that under increasing loads 
the steel receives an increasing proportion, it is desirable to use 
a value of n in the computations for design somewhat larger than 
that which is obtained by taking a value of E, corresponding to 
working loads on small prisms (about 10). A value of 15 for n 
may well be used for the ordinary 1:2:4 mixture. 

In concrete beams, experiments show that the tension which 
remains in the concrete just below the neutral axis, and properly 
not allowed for in the derivation of the beam formulas, has its 
effect in the position of the neutral axis and the strength of the 
beam. It is found that a value of 15 for n is not too large for 
calculations of strength of beams, assuming the ordinary 1:2:4 
mix, although great accuracy in this respect is not necessary. 
This value of 15 for n is the one most generally used, but a value of 
12 is also frequently employed. The value of 15 corresponds to 
a value of EF. of 2,000,000 which is somewhat low as determined 
by compressive tests. 

For recommendations of the Joint Committee in regard to the 
proper ratio of the moduli to select in any given case, see Art. 40. 

Comparatively few tests have been made on the elasticity of 
concrete in tension, but these seem to indicate that for small 
stresses, it is practically the same as in compression, although 
probably slightly less. 
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26. Behavior of Reinforced Concrete Under Tension.—The be- 
havior of reinforced concrete under tension, and especially when 
constituting the tensile side of a beam, has been the result of much 

study by many experimenters. Early tests indicated that the 
ultimate stretch of reinforced concrete is as much as ten times 
that of plain concrete, but such results were due to the fact that it 
was found extremely difficult to determine just when the concrete 
begins to crack. Cracks do not become noticeable, even on very 
close examination, until a stretching occurs corresponding to a 
tensile stress much beyond the ultimate strength of the concrete. 
The steel forces the concrete to elongate uniformly throughout, 
so that a crack will open up very slowly and will remain invisible 
for some time. 

A method of detecting minute cracks was accidentally discov- 
ered in 1901-2 in some experiments made at the University of 
Wisconsin. It was found that when beams were hardened in 
water and only partially dried before testing, very fine hair-cracks 
became noticeable at a moderate load. Before these cracks 
occurred, however, dark wet lines appeared across the beam, and it 
was observed that each of these lines was later followed by a very 
fine crack. That these watermarks were incipient cracks was 
determined by sawing out a strip of concrete along the outer 
part of the beam. Careful measurements of extension showed 
that these streaks, or watermarks, occurred at practically the 
same deformation at which the concrete ruptured when not 
reinforced. This same phenomenon has since been observed 
by many careful experimenters, and the fact is now generally 
established that concrete, reinforced with steel, does not elongate 
under tensile stress to any greater extent ie cracking than 
plain concrete. 

A reinforced concrete beam for working loads is usually more 
heavily stressed on the tension side than the ultimate tensile 
strength of plain concrete—enough steel being usually embedded 
near the lower face to permit the full allowable compressive 
strength of the concrete to be utilized. The presence, then, of the 
cracks above referred to, occurring long before a reinforced con- 
erete beam has obtained its working load, must seriously affect 
the tensile strength of the concrete. The formulas now in most 
general use for the design of reinforced concrete beams neglect 
entirely the tensile strength of the concrete. 

The important question which arises is how far concrete may 


ee 
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be cracked without exposing the steel to corrosion. This ques- 
tion has been answered in a most convincing manner by means 
of a series of tests made by A. Probst in Germany, in 1907, 
which showed conclusively that concrete, when well mixed and 
properly placed, completely protects the steel in the tensile side 
of a beam from corrosion, even when the unit stress in the steel 
equals or somewhat exceeds the elastic limit. 

27. Shrinkage and Temperature Stresses.—In reinforced con- 
crete structures which are free to contract and expand, the stresses 
occurring from temperature changes and from shrinkage in hard- 
ening are due wholly to the mutual action of the steel and con- 
crete. Of the stresses produced from these two causes, those 
which result from hardening are the greater, but experiments show 
that even these are not sufficient to be of practical importance. 
In regard to the temperature stresses, they are negligible by reason 
of the nearly equal rates of expansion of the two materials. 

On the other hand, if reinforced concrete structures are re- 
strained by outside forces, or if they are of such dimensions 
that they cannot be considered as sufficiently well bonded to 
act as a unit—such as long retaining walls—then the stresses 
resulting are much greater, and the tensile strength of the con- 
crete will be reached (this will occur with a drop in temperature 
somewhere between 10 and 20° Fahr.), thus producing cracks, 
called contraction cracks. To prevent plainly noticeable cracks 
due to shrinkage and lowering of the temperature, steel should 
be inserted—the amount used varying in practice from 0.2 of 
1 per cent to 0.4 of 1 per cent, based on the cross-section of the 
concrete. This is less than the amount required theoretically, 
but experience shows this amount to give very satisfactory re- 
sults where the foundations are stable. If the structure is fixed 
in two directions, the reinforcement must be placed accordingly. 

No amount of reinforcement can entirely prevent contraction 
cracks, The steel can, however, if of small diameter and placed 
close to the surface, force the cracks to take place at such fre- 
quent intervals that the required deformation occurs without any 
one crack becoming large. No eracks will open up to be plainly 
noticeable until the steel is stressed beyond its elastic limit. 
The amount of steel should be such, then, that without being 
stressed beyond its elastic limit, it will withstand the tensile 
stress resulting from the maximum fall of temperature (usually 
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considered to be 50°) in the steel itself plus the tensile stress 
necessary to crack the sonprote. A high elastic-limit steel is 
thus advantageous, 

The size and spacing of the cracks will also depend upon the 
bond strength of the reinforcing rods. The distance between 
cracks in any given case will be the length required to develop a 
bond strength equal to the tensile strength of the concrete. Thus, 
bars with irregular surfaces which provide a mechanical bond 
with the concrete are in general more effective than smooth bars. 

28. Repetition of Stress—Experiments on cubes of neat cement 
and concrete for repeated loads have shown that the limit of 


Percentage of Repetition Load in 
terms of Maximum Strength 
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Number of Repetitions necessary to produce failure 
Fie. 11.—General curve of the fatigue of concrete. 


permanent elasticity for such loads is from 50 to 60 per cent of the 
ultimate strength. Experiments on reinforced beams also indi- 
cate similar results. In the case of beams, the failure under 
repeated loads appears to be largely a gradual fracture in diag- 
onal tension, ending with a crushing of the concrete at the upper 
surface of the beam. 

An account of experiments to determine the effect of repeated 
stress on concrete is given in Trans. Am. Soc. C. E., Vol. LVIII. 
The summary is shown in Fig. 11, and it is seen that the number 
of repetitions required to produce failure varies with the load 
applied. For example, if the load applied is 60 per cent of the 
ultimate, 4000 applications cause failure; while if the load 
applied is 70 per cent, about 1000 applications are required. 
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PROBLEMS 


A steel bar of 20-in. length and a cross-section of 2 1/2 sq. in. is put in 
tension. ‘The force applied is 40,000 lb. and the extension under this 
load is 0.011 in. Determine the modulus of elasticity of this steel in 
pounds per square inch. ’ 


. If steel costs 4¢ per pound with a working compressive strength of 


16,000 lb. per square inch, and concrete costs 30¢ per cubic foot with a 
working compressive strength of 450 Ib. per square inch, what will be 
the relative cost of the two materials in members sustaining purely 
compressive stresses? 


. A plain concrete retaining wall has a height of 10 ft. and a width of 4 ft. 


at the base. The front face has a batter of an inch to the foot or 1:12. 
(a) Compute the number of cubic yards in 1 ft. length of wall. (b) 
Compute the approximate amount of cement, sand, and broken stone 
required—the mixture being 1:21/2:5. (ce) What is the approxi- 
mate weight of wall? 


. What change of length will tend to take place in a long plain concrete 


wall by a drop of temperature of 50° Fahr.? How do you think the 
disfiguration of such a wall by irregular cracks may be prevented? 

The allowable tensile stress in a 1-in. plain round steel rod is 16,000 Ib. 
per square inch and the working bond strength is 80 lb. per square inch. 
What length of embedment is necessary to develop the allowable stress 
in the steel? What would be the length of embedment if a 1/2-in. 
plain round rod had been employed? 

Explain how it is that a constant value of n, equal to 15, may be used in 
the computations for the design of beams and columns of a 1: 2: 4 mix. 


. At a given point in the tensile part of a reinforced concrete beam, the 


ultimate tensile strength in the concrete of 200 Ib. per square inch is 
reached. Approximately what is the corresponding tensile stress in 
steel located at about this point? 

A load is alowed to pass over a reinforced concrete beam which is in 
amount about 65 per cent of the ultimate load. About how many 
repetitions of this load will cause failure? 

A long reinforced concrete wall is subjected to a drop of temperature of 
50° Fahr. Consider 160 lb. per square inch the ultimate strength of 
the concrete and 40,000 lb. per square inch the elastic limit of the steel. 
(a) What stress is caused in the steel by the drop of temperature in the 
steel itself considering the ends of the steel as fixed? (b) How much 
more stress can be put into the steel before stressing it beyond its 
elastic limit? 

If the steel is to be stressed just to the elastic limit, what percentage of 
steel is necessary to prevent large contraction cracks in the concrete? 


PART II 


THE THEORY AND DESIGN OF SLABS, BEAMS, 
AND COLUMNS. 


CHAPTER IV 
RECTANGULAR BEAMS 


[Reinforced concrete is not used for plain tension members 
so that the stresses to be resisted in this type of construction 
come from simple compression, simple bending, or combined 
compression and bending. Thesimple beam supported at its two 
ends will be studied first and the stresses which must be provided 
for willbe analyzed. The student should know how to determine 
the outer forces (loads and reactions) which are applied to a beam. 
Before taking up reinforced concrete beams it will be desirable to 
consider the nature of the stresses in a plain concrete or homo- 
geneous beam of any material.] 


29. Inner Forces in a Homogeneous Beam.—The inner forces 
in a beam are tension, compression, and shear. The following 
principles concerning homogeneous beams should be familiar 
to the student: 

1. At any cross-section the internal forces, or stresses, may 
be resolved into normal and tangential components. The com- 
ponents normal to the section are stresses of tension and com- 
pression, while the tangential components add together and 
form a stress known as the resisting shear. 

2. The shear at any cross-section is borne by the tangential 
stresses in that section. The moment at any section is borne by 
the component stresses normal to that section. 

3. The neutral axis passes through the center of gravity of 
the cross-section. 

4, The intensity of stress normal to the section increases 
directly with the distance from the neutral axis and is a maximum 
at the extreme fiber. The intensity of this stress at any given 
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point in the cross-section is given by the following formula: 


_ My 
eis. 


in which f=fiber stress at distance y from neutral axis. 
M =external bending moment at section in inch-pounds. 
y =distance in inches from neutral axis to any fiber. 
I=moment of inertia of the cross-section about the 
neutral axis. 
5. The general formula which gives the longitudinal shear per 
square inch (v) at any desired point in the cross-section is 


VQ 
eat ig 
in which V =total shear at the section in pounds. 

Q=statical moment about the neutral axis of that 
portion of the cross-section lying either above or 
below (depending upon whether the point in 
question is above or below the neutral axis) an 
axis drawn through the point in question parallel 
to the neutral axis. 

I=as before. 

b’=width of beam at the given point. 


Area of 
¢. cross-hatched 
portion =A! 


In the above formula, by the term statical moment is meant the 
product of the area mentioned by the distance between its center 
of gravity and the neutral axis. For example, the longitudinal 
shearing intensity at a point c in a rectangular beam, Fig. 12,may 
be expressed as follows: 

_ Var 

i. oe 
For rectangular beams and all beams of uniform width, the 
largest value of v for any given section will occur at the neutral 
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axis since the statical moment Q has its maximum value for a 
point on this axis, and b is constant. 

6. If a beam is of constant cross-section throughout, the 
maximum values of f and v will occur at the section where M 
and V respectively have maximum values. 


The case of longitudinal shear is shown in Fig. 13. Let the 
fiber stresses at section m be represented by f, and those at 
section n by f,, while the longitudinal variations of the fiber 
stresses between these two sections are indicated at section n by 
the cross-shaded areas. This increase of horizontal stress from 
one section to another (which we know to be true since the bend- 


live ales 


ing moment M increases from the ends toward the center of 
span and with it the intensity of the horizontal stresses) induces 
a force at every longitudinal layer tending to slide the upper 
portion past the lower; and this sliding or shearing force, which 
increases at every layer, attains its maximum intensity at the 
neutral plane. 

In addition to the longitudinal or horizontal shear at any 
point, as explained above, there co-exists a vertical shear and 
the intensity of this vertical shear is equal to the intensity of 
the horizontal shear. This may be proved as follows: 

Fig. 14 represents an infinitely small portion of the side of 
a beam at any given point. The sides of the element, as far as 
any difference in the result is concerned, may each be represented 
by h, and the breadth of the beam at this point will be denoted 
by b. Now there are two sets of shearing forces acting upon it, 
one vertical and the other horizontal; and these shears form two 
pairs of couples, acting as indicated by the vertical and horizontal 
arrows. For an infinitesimal distance (4) the horizontal fiber 
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stresses balance each other and need not be considered. If the 
intensity of the horizontal shear at this point be represented by 
s, and that of the vertical shear by v, then in order that the 
total horizontal and vertical shears acting on the particle may 
be in equilibrium, the moments of these two shears must be 
equal, thus: 
(sbh)h = (vbh)h 
“k= 2 

Since the intensities of the horizontal and vertical shears are 
equal, they will both be represented by the common symbol v. 

Using our general formula, it should be clear that the intensity 
of the shear at the top and bottom of a beam. is zero and, 
by substituting the proper values of the separate terms for a 
rectangular cross-section, the student will find that the inten- 
sity of shear (horizontal and vertical) along a vertical cross- 


4) 


\( 
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section for a rectangular beam varies as the ordinates to a 
parabola, as shown graphically in Fig. 15. The maximum value 
ss at the neutral axis and is 3/2 the average intensity, or 
2 bd 

We now know that shear on a vertical cross-section is greatest 
at the neutral axis and at this axis the horizontal fiber stress is 
zero; in other words, there are no other forces acting but those 
of shear. Consider again the infinitely small prism shown in 
Fig. 14, but this time assume it to lie at the neutral plane. The 
shearing forces acting on this prism will develop inclined stresses 
of tension and compression. The value of these inclined stresses 
which are indicated by the diagonal arrows, Fig. 14, may be found 
by resolving the shearing forces into components parallel to AB 


and CD. The value of each component is found to be es 


/2 


The effect of these components is to produce on CD a total 


‘ 
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; 2Qvbh ; 
tension of 5" and on AB a total compression of the same 


amount. Since the length of the diagonals is h \/2, the in- 
tensities of these inclined stresses are equal and with a magni- 
Neen 2vbh i" 
ue’ ©" (72) (a2) (0) 
tral plane there exists a tension and compression at angles of 
45 degrees to the horizontal, and that the intensity of these 
forces is equal to that of the shear. 

Above and below the neutral plane the direction and mag- 
nitude of the inclined stresses are not as above found, due to 
the fact that the final value of the tension or compression at any 
point would have to be obtained by combining the horizontal 
fiber stresses due to bending with the inclined stresses due to 
shear. At the end of a beam, however, where the shear is a 
maximum and the bending moment a minimum, these stresses lie 
practically at 45 degrees to the horizontal throughout the entire 
depth of beam. Also, at the section of maximum moment the 
shear is zero and the stresses become horizontal. 

It is proved in treatises on mechanics that if f represents the 
intensity of horizontal fiber stress and v the intensity of vertical 
or horizontal shearing stress at any point in a beam, the maximum 
intensity of the inclined stress will be given by the formula 

t=1/2f4+V1/4f?+4+ v? 
and the direction of this stress by the formula 


tan 2K = 2" 
f 


v. It, therefore, follows that at the neu- 


where K is the angle of the stress with the horizontal. 

The two formulas given above are general formulas and apply 
when f is either tension or compression. By their use the lines of 
maximum stress may be traced throughout the beam. With the 


pias | sien before the radical in the first formula, the result- 
minus ; 


‘ : é below ps 
ing value of ¢ is the maximum tension | Havel Or the maximum 


puare ‘the neutral plane. The formula for K 
below 


shows that two values of K, differing by 90 degrees, will 
satisfy the equation. At any given point, then, maximum 
compressive stress and maximum tensile stress make an angle 
of 90 degrees with each other. Fig. 16 shows approx- 


compression 
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imately the directions of the maximum stresses for a beam 
uniformly loaded. It should be noted that the common theory 
of flexure gives the unit stress correctly at the important section 
of maximum moment and also for the extreme fibers in other 
sections, since at these points the shear is zero. Where the 


Lines of maximum tension 
----- Lines of maximum compression 


Fia. 16. 


shear is not zero an inclined stress is the result and our flexure 
formula gives only the horizontal component of this stress— 
namely, the fiber stress. 
By the use of the above formulas the value of the maximum 
tensile (or inclined) stress at any point may be determined, 
x 


Pie. 17. 


also the angle K it makes with the horizontal. The stress ¢, Fig. 
17, produces the greatest intensity upon a plane perpendicular 
or normal to its line of action—namely, upon the plane be. 
In the same manner considering point A’, it is a comparatively 
simple matter to derive the magnitude of ¢ and the angle K’ 
it makes with the horizontal. The stress ¢’ causes the greatest 
stress on the inclined plane b’c’, 


RECTANGULAR BEAMS 45 


Theoretically, a plain concrete beam will fail by cracks opening 
up along the zigzag lines which are shown in Fig. 16. This is 
found to be true in tests on this type of beam. A plain concrete 
beam will always fail in tension due to the low ultimate strength 
of concrete in tension as compared to its strength in compression. 

The exact direction of the maximum tensile stress at any point 
in a beam depends only upon the relation between shear and 
bending moment. Hence by means of the formulas given above, 
the student should be able to trace the general direction of the 
stresses in a beam with the loading other than uniform. The 
introduction of steel into a concrete beam, however, changes 
the direction of the stress lines somewhat, as -will be seen later. 

The student should have some idea of the variation of the 


Fig. 18. 


maximum tensile stress throughout a vertical cross-section. Of 
course, in studying this variation of stress, it should be remem- 
bered that the direction of the stress is not normal to the ver- 
tical section at the different points. Maximum tensile stresses, 
as we have already shown, are normal to a vertical section only 
when the section is taken where the shear is zero. In other 
sections these stresses are normal only along the lower fibers of 
the beam. Fig. 18!shows the variation in the maximum tensile 
stress on a section such as XX’, Fig. 17. The variation of the 
normal and shearing stresses is also shown. 

It should now be clear that the steel reinforcement in a con- 
crete beam for uniform loading should have the general direc- 
tions shown in Fig. 19 in order to take the tension in the beam 
and prevent the cracks starting along the lines indicated. Fig. 
20 is the simplest method of reinforcement and quite often used 
for light loads. In beams highly stressed, the student can 
appreciate the reason for curved reinforcement in addition to 
the horizontal rods. The most common method is to use 


several rods for the horizontal reinforcement and then to bend 
1From Turneaure and Maurer’s “Principles of Reinforced Concrete Construction,’ 
2nd edition, page 50, 
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a part of these upward as they approach the end, where they 
are not needed to resist bending stresses. This matter will be 
taken up in detail later. The concrete is depended upon for 
the compressive and shearing stresses, its resistance to such 
stresses being large. . 

It cannot truly be said that the above remarks refer directly 
to homogeneous beams of concrete. As we have already seen, 


Fig. 19. 


the elastic property of concrete is very much inferior to that of 


My 


steel, consequently the formula f= ae does not exactly apply 


except for very low stresses. In fact, in the previous inves- 
tigation we have erred slightly by representing the direction of 
the maximum internal stresses in a concrete beam to be iden- 
tical with the direction of the maximum stresses in a steel beam. 
The difference, however, is inappreciable, especially for low 
stresses. The student should appreciate the fact that the 


Fre. 20. 


directions of the internal stresses at the principal points in con- 
crete beams are the same as in steel beams—namely, at the upper 
and lower ‘fibers and at the neutral plane. This statement 
should be understood when it is considered that the direction 
at these points, as determined by the formula tan 2K == 
depends only upon a zero value for either v or f. For example, 
at the lower and upper fibers, the value of v becomes zero and 
the magnitude of f does not control. Likewise, at the neutral 


plane, f becomes zero and the value of the angle K is not affected 
by the magnitude of v. 


? 
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30. Assumptions in Common Theory of Beams.—In order to 
derive a formula by which we can design concrete beams rein- 
forced with steel, it will first be necessary to overhaul the assump- 
tions on which the common theory of flexure is founded and see - 
if we can derive a formula, or formulas, by which we can deter- 
mine stresses in both the steel and concrete of such beams. 

The two main assumptions in the common theory of beams 
may be stated as follows: 

1, If, when a beam is not loaded, a plane cross-section be made, 
this cross-section will still be a plane after the load is put on and 
bending takes place. (Navier’s hypothesis.) 

2. The stress is proportional to the deformation—namely, to 
the elongation or compression per unit of length. (Hooke’s Law.) 

From the first assumption the following principle is obtained: 
the unit deformations of the fibers at any section of a beam are 


Y DH 
Vi iz 


(@) «b) 
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proportional to their distances from the neutral axis. From the 
second assumption: the unit stresses in the fibers at any section 
of a beam are also proportional to the distances of the fibers from 
the neutral axis. 

It may be well to explain more at length what is meant by the 
two assumptions and the results derived from them. 

Assumption 1.—Imagine two originally parallel cross-sections, 
ED and GH, Fig. 21a or Fig. 21b, so near to each other that the 
curve taken after bending by that part of the neutral plane between 
these sections may, without appreciable error, be accounted circu- 
lar. Let ED and GH, Fig. 22a or 22b, be the lines in the loaded 
beam in which these cross-sections cut the plane of the paper, and 
let O be the point of intersection of the lines HD and GH. Let 
OF= r, FL=y, FK=1, LM=1+al, in which a is the elongation 
per unit of length of a fiber at a distance y from the neutral axis, 
y being variable; then, because 7K and LM are concentric ares 
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subtending the same angle at the center, we shall have the 


proportion 


i+al_r+y 
a 


—“ or 1+a= 1-2 
r r 


Ele eye 
baci gage v GE 


Neutral plane 


ig 
Fia. 22a. 


Weight 
Fia. 22b. 


but, as y varies for different points in any given cross-section 
while r remains the same for the same section, it follows that if a 
certain cross-section be assumed, the deformation of any fiber 
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at the point where it cuts this cross-section is proportional directly 
to the distance of this fiber from the neutral axis of the cross-section. 

Assumption 2.—As to the evidence in favor of this law, experi- 
ment shows that as long as a material such as steel is not strained 
beyond safe limits, this law holds. However, wrought iron and 
steel are the only important structural materials which closely 
follow this law, and they only within their elastic limits. But 
under working conditions, these materials are not stressed beyond 
their elastic limit and so the formulas ordinarily hold. Timber, 
stone, and cast iron can hardly be said to obey Hooke’s law, yet 
for working conditions the common flexure formulas for these 
materials are roughly correct and they are in general use. 

The important question to be decided is—does concrete 
follow the laws stated above? In regard to the first assumption, 
it can be said that careful measurements show some deviation ‘ 
from a plane, but in general this assumption seems to be war- 
ranted by the results of observed deformations under working 
loads. Concerning the second law, as regards the concrete in a 
reinforced concrete beam, it should be clear that the assumption 
will not strictly apply except for low stresses. 

31. Plain Concrete Beams.—OS in Fig. 23 is the stress-defor- 
mation diagram for concrete in compression, with which the 
student is already familiar. The curve shown here is identical 
with Fig. 10, the only difference being that the deformations are 
represented vertically instead of horizontally. This change has 
been made in order that we may apply the curve directly to the 
cross-section of a beam. The curve OT is the stress-deformation 
diagram for concrete in tension and is of use only in the analysis 
of plain concrete beams. 

We have just seen that Assumption 1 may be applied to beams 
of concrete. This assumption leads us to the conclusion that 
deformations of the fibers are proportional to the distances of the 
fibers from the neutral axis. Figs. 24 and 25 show the curves 
applied to the vertical cross-section AX of abeam. For example, 
suppose the deformation at point a, Fig. 25, is the same as rep- 
resented by Oa in Fig. 23. The corresponding stress given by 
the compression curve in Fig. 23 is aa’. Lay off the distance 
aa’ in Fig. 25 to represent that stress. Proceeding similarly for 
all points and connecting, we have the stress curve A”OX”, which 
is nothing more than a portion of the stress-deformation diagrams 
in Fig. 23 plotted to a different scale. 
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Turning our attention to the principles of mechanics, in order 
to determine which ones may be used to find the resisting moment 
in a plain concrete beam, we find we have three, as follows: 

1. For beams rectangular in section, the average unit tensile 
and compressive fiber stresses on any cross-section are represented 


Deformation 


Tension O Compression 


Fig. 23. 


by the average abscisse in the tensile and compressive parts of 
the combined stress-deformation diagram respectively. Also, 
the total tension 7’, Fig. 26, and the total compression C on a 
cross-section are proportional respectively to the areas XOX” 


A Compression 


Neutral plane 


Tension * 
Fig. 24. 


and AOA”; hence, according to some scale, the areas represent 
T and C respectively. 


2. The resultant tension 7’ and resultant compression C act 


through the centers of gravity of the tensile and compressive 
areas in the combined stress-deformation diagram. 

3. When all the forces (loads and reactions) applied to the 
beam act at right angles to it, then the resultant tension 7 equals 


a oe oe re 
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the resultant compression C; hence, the two stresses constitute a 
couple which is the resisting couple. (This principle comes 
from one of the three conditions of equilibrium; namely, ¥ H =O.) 

In order to introduce important ideas concerning concrete 
beams, the perfectly general method of figuring the ultimate 
resisting moment at any cross-section will be explained. Fig. 


A A’ 


Neutral plane 


Xe xX 
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27 shows the combined stress-deformation diagram for a given 
concrete. A plain concrete beam will break in tension because 
of the low strength of concrete in tension as compared to its 
strength in compression. BB’ then gives this breaking tensile 
stress and 7 is represented by the area BOB’, Likewise, C 


A A" 


Cc 


Neutral plane _ 


XP X 
Fig. 26. 


is represented by the area AOA’—this area being determined 
from the principle that BOB’ and AOA’ are equal. The next 
step is to locate the center of gravity of each area and scale the 
vertical distance between them. The resisting couple is 7 or C 
multiplied by this scaled distance. 

Partly to test the correctness of the theory of flexure of concrete 
beams, Professor Morsch! made three beams and several tension and 

10f the Zurich Polytechnic, Zurich, Switzerland. 
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compression specimens of the same mix of concrete. From tests 
on the specimens, he obtained a combined stress-deformation 
diagram from which he computed the probable resisting moment 
of the beams. The average of the actual resisting moments of the 
beams and the moment computed by the theory of flexure agreed 
very closely. This general theory of the flexure of concrete beams 
may thus be considered highly satisfactory. 

It should be clear to the student by this time that a great 
deal of compressive strength cannot be made use of in a plain 
concrete beam. If concrete were only 
stronger in tension, then the plain con- 
crete beam might be of some structural 
value. In order to offset this disadvan- 
tage of plain concrete, steel isused. In 
the discussions which follow it will be 
assumed that the concrete and steel 
adhere perfectly and therefore deform 

a equally. Many tests show that, under 
proper design, this is true for all prac- 
tical purposes. 

B' B 32. Flexure Formulas for Reinforced 
Fig. 27. Concrete Beams.—A great many formu- 
las have been proposed from time to time 
to be used in the design of reinforced concrete beams. Of course, 
the object has been in each case to obtain a formula whereby the 
resisting moment may be obtained at any cross-section in a 
sufficiently accurate manner, but at the same time with a view 
to the ease with which it may be used in practice. As might be 
expected, many of the earlier formulas considered the concrete to 
carry its share of the tension which we know now cannot be done 
with absolute safety. By means of some formulas the ultimate 
resisting moment of a beam may be computed and the ultimate 
loads at once determined which will produce this moment. <A 
factor of safety is then applied and the safe load obtained. In 
other formulas the working loads are found directly. When the 
ultimate load is obtained from a formula, the utimate strength 
of the concrete and the elastic limit of the steel (the student 
will find later that the elastic limit of the steel may determine 
ultimate strength) must be used. Likewise, when deriving 
safe loads, the working strengths should be substituted. 
Unlike steel beams, reinforced concrete beams require a prelim- 


1 From Turneaure and Maurer’s ‘Principles of Reinforced Concrete Construction,” 
2nd edition, page 55, 
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inary formula to be solved before the formula for resisting moment 
may be employed. Solving this preliminary formula locates 
the position of the neutral axis which is in the same position only 
for beams of a given concrete and of a given percentage of steel 
reinforcement. 

The two most general varieties of flexure formulas in practical 
use will be taken up in Arts. 33 and 34. In each of these two 
classes of formulas, tension in the concrete is neglected. For 
purposes of discussion, the subject of beams will first be treated 
with reference only to the horizontal reinforcement. The in- 
clined tensile stresses will be considered separately. Analysis 
and results of experiments discussed in succeeding assignments 
prove beyond any doubt that the rational formulas which we 
will now develop may be used safely and economically in design- 
ing. No empirical formula is needed. 

The student should realize that the following assumptions 
must be made in order to derive working formulas: (1) the union 
between the steel and the concrete is sufficient to cause the two 
materials to act as one material; (2) no initial stresses are con- 
sidered in either the concrete or the steel due to temperature or 
shrinkage; (3) the applied forces are parallel to each other and 
perpendicular to the neutral surface of the beam before bending; 
(4) sectional planes before bending remain plane surfaces after 
bending within the elastic limit of the steel. 

33. Flexure Formulas for Working Loads Based on Rectilinear 
Variation of Stress in Concrete.—The loads being working loads, 
the unit stress in the steel is within the elastic limit, and the 
unit stresses in the concrete may be considered without material 
error to vary as the ordinates to a straight line. The following 
notation will be employed referring to Fig. 28. 


Let f-=maximum intensity of compressive stress in the 
concrete under a given load. It is represented by 
the distance AA”’. 

fs=maximum intensity of tensile stress in the metal 
under the same load (the area of reinforcement is 
assumed to be so small with reference to the total 
area of cross-section of the beam that the stress in ~ 
the metal is practically uniform). 
AA’ represent the deformation, or deformation per unit 
length, in the concrete which is stressed to the 
amount fe. 
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C’C represent the unit deformation, or deformation per 
unit length, in the metal which is stressed to the 
amount fs. 

C =total compression in concrete at a section of the beam. 

T =total tension in steel at a section of the beam. 

E, represent the modulus of elasticity of concrete in 
compression. 

E, represent the modulus of elasticity of steel in tension. 

tls 

n =rati1o E, 

d =distance from compression surface to axis of 
reinforcement. 

k =proportionate depth of neutral axis from below the 
compression surface. 

a, =area of cross-section of steel. 

b =breadth of a rectangular beam. 

p =“steel ratio’ =the ratio of the area of steel to 


as 
area of concrete = 
M, =resisting moment as determined by concrete. 
M,=resisting moment as determined by steel. 


M =bending moment or resisting moment in general. 


Now the total compressive resistance is equal to the area of the 
triangular figure AOA” multiplied by b, the breadth of the beam. 
But the area AOA” =1/2 (AA”)kd=1/2 f,kd. Hence, the total 
compressive resistance C is equal to 1/2 f.kbd. 

The total tensile resistance 7’ is evidently the cross-sectional 
area of the metal multiplied by the uniform intensity of stress 
thereon =da.fs. 

Since the total compressive resistance above the neutral axis 
must be equal to the total tensile resistance below the same, we 
have 

1/2 f.kbd=as fs (1) 
From the assumption that deformations vary as the distances 
of the fibers from the neutral axis, 
AA COM Faas Cc 
OA ‘OO \ id — ae 
un by definition of the values represented by AA’ and CC’, we 
ave 


AA’= £ and CC’ = 


oS? eae ee eee es re, 
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Substituting 
te © fs 
E-kd Ed (1—k) 
which reduces to 


1-k 
feet (2) 


The stress-deformation diagram of the concrete being straight, 
the center of action of the compressive stresses is at a point 2/3 
of the height of OA from O. The lever arm for the resisting 
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moment of the summation of the compressive stresses with 
respect to the neutral axis, is therefore represented by 2/3kd. 

The center of action of the tensile stresses is at a point distant 
OC from O. The lever arm for the resisting moment of the sum- 
mation of the tensile stresses with respect to the neutral axis, 
is therefore represented by d(1—k). 

The total resisting moment of the beam is the sum of the 
moments of the total compressive stresses and of the total tensile 
stresses about the neutral axis. Therefore, we have 

M = 2/3 kd(1/2 f.kbd) + d(1—k)as fs 
= 1/3 f.k*bd? +a,.f3d (1—k) (3) 
Eliminating k between equations (1) and (2), the following 


formula for steel ratio results 
pare 

ete? (4) 
ip E+) 
This formula shows that for a given concrete and ratio of 
working stresses, p has the same value for all sizes of beams. 

Introducing the value of f, from equation (2) into equation 
(1), we have 

. 1/2k*bd—asn(1—k) =0 


1/2k*b— pbn(1—k) =0 


or 
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from which 
k=V 2pn+ (pn)?— pn (5) 
Sustituting the value of a,f, from (1) into (3), we get 
M,=1/2f-k(1—1/3k)bd? (6) 
Substituting the value of f, from (1) into (3) and remembering 
that a,;=pbd, 


M,=pfs(1—1/3k)bd?_ (7) 
Solving equation (1) for fc, 
_ PsP 


It will be noted that equation (6) gives the resisting moment 
when the maximum allowable value of f, is introduced as the 
limiting factor, and that equation (7) gives the resisting moment 
when the maximum allowable value of f, is the limiting factor. 
The lesser of these two resisting moments, when proper working 
values are assigned to f, and fs, is the allowable resisting moment 
of the beam in question. 

The distance from C to T is in most formulas denoted by ja; 
namely, 7 denotes the ratio of this distance to the total depth 
of the beam. Since jd=d—1/3kd, then j=1—1/3k and the 
above formulas may be simplified by substituting 7 for the 
quantity (1—1/3k.) 

The formulas which we shall need to use in the design of re- 
inforced concrete beams are collected for convenience as follows: 


os 
Pe bd 
a 1/2 
fs (Ss (4) 
te (os + 1) 
k= V2pn +(pn)?—pn (5) 
M.=1/2f-kj(bd?) or bd? = AR (6) 
: M 
M, => s ba? ba? = on 7 
aide?) or b= @) 
9 
o vf (8) 


Illustrative Problem.—What will be the resisting moment (M) for a 
beam whose breadth (5) is 8 in. with a distance from the center of the rein- 
forcement to the compression surface (d@) of 12 in., the area of steel section 
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being 0.96 sq. in.? E,=30,000,000. EB,.=2,500,000. f-=500 lb. per 
square inch. fs=16,000 lb. per square inch. ’ 

Be _ 30,000,000 _ nde _ _ 9.96 

m=, ~ 2,500,000 ~ °° Pha 7B) (ia) = 902 

From equation (5) 
k = (2) (0.01) (12) + (0.01)2(12)? — (0.01) (12) 

= 0.384 
From equation (6) 

M,,=1/2(500) (0.384) (0.872)(8)(12)2 
= 96,500 in.-lb. 


From equation (7) 
M, = (0.01) (16,000) (0.872) (8) (12)? 
= 160,700 in.-lb. 

M, is the lesser of the two resisting moments and hence controls in the 
design =96,500 in.-Ib. 

Illustrative Problem.—Suppose that the beam of the preceding problem 
is 14 in. deep and is subjected to a bending moment of 130,000 in.-lb. 
Compute the greatest unit stresses in the steel and concrete. 


ag 0.96 


From equation (5) 


k =V (2) (0.0086) (12) + (0.0086)? (12)? — (0.0086) (12) 
= 0.363 


From equation (6) 
130,000 — (5) (0.363) (0.879) (8)(14)? 
f¢=520 lb. per square inch 


From equation (7) 


130,000 = (0.0086) (fs) (0.879) (8) (14)? 
fs =11,000 lb. per square inch 


Illustrative Problem.—A beam is to be figured to withstand a bending 
moment of 300,000 in.-lb. A 1:2:4 concrete will be used with E,= 
2,000,000 and f,=600 Ib. per square inch. The pull in the steel is to be 
limited to 14,000 lb. per square inch. Its modulus of elasticity Es is 
30,000,000. 


Bs 145 
c 
From equation (4) 
p =0.0084 
With this value of p, Eq. (5) gives 
k=0.391 
7=0.870 


Either equation (6) or (7) may now be used in determining b and d since 
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the amount of steel to be employed will cause simultaneous maximum 
working stresses. 
From equation (7) , 
300,000 

= (0.0084) (14,000) (0.870) 

Many different values of b and d will satisfy the last equation. 
If b is taken as 10 in., then 

__ 2930 


i 10 =293, or d=17 1/4 in. 


bd? = 2930 


Finally 
as = (0.0084) (10 X 17.25) =1.45 sq. in. 
If 1 3/4 in. is allowed between the tension surface of the concrete and the 
center of the steel, the entire depth of the beam should be 19 in. 


PROBLEMS 


16. What will be the resisting moment for a beam with }=12 in. and 
d=16 in., the area of steel section being 3.5 sq. in.? H,=30,000,000. 
E,=38,000,000. fc=600 lb. per square inch. f,;=16,000 lb. per square 
inch. 

17. Suppose the beam of the preceding problem is 20 in. deep (d) and is 
subjected to a bending moment of 550,000 in.-lb. Compute the 
maximum unit stresses in the concrete and steel. 

18. Design a beam of 12.5 ft. span to carry a load of 1000 lb. per linear foot 
(including weight of beam), using a 1 : 2: 4 Portland cement concrete 
having an allowable working strength of 650 lb. per square inch. A 
mild steel, with an allowable working stress of 14,000 lb. per square inch 
is to be used. H,=30,000,000. H,=2,500,000. 

— 2v 

19. By means of the formulas t=1/2f+ Vi/Ap+e and tan 
prove the following statements concerning homogeneous beams: 

(a) Wherever shearing stress exists, the maximum stress will not be on 
a vertical section, but on an inclined one.. 

(b) At all points in a beam where the shear is zero, the direction of 
the maximum tension is horizontal, as at points of maximum bending 
moment and along the outer fibers of the beam. 

(c) Wherever the horizontal fiber stress is zero (at the neutral plane 
and at all sections of zero bending moment), the direction of the 
maximum tension is inclined 45 degrees to the horizontal, and its 
intensity is equal to the vertical shearing stress at the same place. 


- 


34. Flexure Formulas for Ultimate Loads, Based on Parabolic 
Variation of Stress in Concrete.—The stress-deformation curve 
for concrete in compression agrees very closely with the parabola; 
‘in fact, so nearly so that the parabola is often used in theoretical 
analysis to represent the distribution of compressive stress in a 


| 
4 
| 
. 
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reinforced concrete beam. The form of parabola used has its 
axis vertical in the stress-deformation diagram, Fig. 10, and its 
vertex at the point S of the curve representing the ultimate 
strength. . 

The assumption is made in deriving formulas for ultimate loads, 
that the amount of reinforcement is sufficient to develop the full 
compressive strength of the concrete without stressing the steel 
beyond its yield point. Failure under such conditions will occur 
by crushing the concrete, with the yield point of the steel not 
exceeded. Then, the parabola representing the variation of com- 
pression is a full parabola, the upper end being the vertex and 
the axis horizontal. (Fig. 29.) 


.C Average compressive 


stress = 5 Te 


Total compressive 
stress= é f- bkd. 


4 es ae Te 
Fie. 29. 
When ultimate loads are considered, the secant modulus for 
the concrete should not be used. The initial modulus should be 


employed and will be denoted in this article by £,. Considering 
Fig. 29 as drawn to scale, 


AB 
Be= 70 

It is a well-known property of the parabola that 
AB=2f., 


Since AO represents the deformation AA’ (Fig. 28). 
Eee testis 
e= 74? or AA Sar 
In the present connection, the two following properties of a 
parabola (Fig. 29) are useful: (1) the average abscissa of the 
parabolic arc equals two-thirds the greatest (f.); (2) the distance 
from the center of gravity of the parabolic area to its top 
equals three-eighths the total height kd. 
Following the same procedure as employed in deriving formulas 
for a rectangular variation of stress in the concrete and using 


~ 
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the value of AA’ given above, the following equations may be 
obtained: : 
P~ bd 


2/3 
Raa ss 
Se\2nfe 

ae 
b= 3pn+ (Sen) —— 
j=1-—3/8k 


M 
2/3fck] 
M 

Pfs} 


M.=2/3fckj(bd?) or bd? = 


M,=pfsj(bd?) or bd?= 


__ 3fsp 
e= 2h 


In the above formulas, f; = elastic limit of the steel, and f, = 
ultimate compressive strength of concrete. 

When using the above formulas, it should be remembered that 
it was assumed at the outset that the amount of steel in the beam 
is sufficient to cause the ultimate resisting moment to be due to 
the concrete. Thus, the resisting moment of the beam may be 
figured by using the formula for M,. If an amount of steel 
is used such that the ultimate strength of the concrete and the 
elastic limit of the steel would be reached simultaneously, 
either M, or Ms may be used to determine the ultimate resisting 
moment. If a less amount of steel is used than the amount just 
mentioned, the conditions of the assumption do not hold, and 
the formulas given above cannot be used. When this happens 
the ultimate moment may be figured by means of formulas based 
on a parabolic variation of compression in the concrete and 
applicable for any load up to the ultimate. The parabola for 
such a case is not a full one and the formulas are cumbersome 
to use and not at all fitted for practical use. 

The formulas for ultimate loads, however, can easily be em- 
ployed in designing. The method is to find the amount of steel 
to give equal strength in tension and compression. Then 
either 
M 


bd? = ——__.. 
2/3 fk] 
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or 


M 
bd? = 
Pf si PY] 
may be used to determine the size of beam necessary. 


Illustrative Problem.—A beam is to be figured to safely withstand a 
bending moment of 200,000 in.-lb., the ultimate compressive strength of 
the concrete being taken at 2000 lb. per square inch and the elastic limit of 
the steel at 40,000 lb. per square inch. n=15. 


P Bear 
k= 30. 02) (15) + (5 ie (0.02) “(15). ae 50. 02) (15) 


= 0.598 
4—1—3/8k—0.775. 
With a factor of safety of 3, the ultimate bending moment is 600,000 in.-lb. 


and 


Be 5 5 600,000 $ 
bd = (373) @,000) (0.598) (0.775) ~ 9" 


With b =8 in., then 


a9? 121, je orde— jain. 


Also, 
= (0.02) (8) (11) =1.76 sq. in. 


Some designers consider the stress-deformation curve to be 
a full parabola even at working loads and use working formulas 
similar to those derived for a rectilinear variation of stress. The 
results obtained in designing under such an assumption are not 
as much on the side of safety as those obtained by the straight 
line formulas. This method of figuring beams is more likely to 
be found in practice where the allowable unit stress on the con- 
crete as specified by a building code is considered lower than 
conservative practice requires. 

Formulas for ultimate loads are-open to the objection that 
when a factor of safety is applied which will bring the stress in 
the concrete to about a good working stress, the stress in the 
steel becomes unduly low from a standpoint of economy. A 
factor of safety of 3 or 4 as is usually taken leaves a high stress 
in the concrete with the stress in the steel far below what is 
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usually considered a safe stress. Beams designed by the 
ultimate load formulas will generally be of smaller cross-sectional 
dimensions than when the straight-line formulas are employed, 
but, on the other hand, a larger amount of steel is required. 
Experienced designers, however, will arrive at satisfactory 
results by either the “factor of safety” (referred to ultimate 
strengths) or the “working stress” methods, but there seems 
to be no good reason why the simple formulas based on the 
straight line stress variation should not be used for purposes of 
design,—safe working stresses being employed. 

It may be well to state here, that the straight line theory of 
stress distribution will be assumed in all the discussions which 
follow. 


PROBLEMS 


20. Solve Problem 16 for the ultimate resisting moment, assuming a 2000-Ib. 
concrete and assuming the elastic limit of the steel equal to 40,000 lb. 
per square inch. Consider the given value of H, to be the initial 
modulus. 

21 Solve Problem 18 by the ultimate load formula, assuming a 2400 Ib. con- 
crete and assuming the elastic limit of the steel equal to 35,000 Ib. per 
square inch. Use a factor of safety of 4. Consider the given value of 
EH, to be the initial modulus. 


[In the preceding paragraphs have been shown the two usual 
methods of calculating the maximum fiber stresses in the concrete 
and steel of a reinforced concrete beam. The method of pro- 
cedure is to determine the vertical section of the beam where the 
moment is a maximum and apply the formulas at that section. 
The formula for p, containing the values of f, and f,, determines 
the amount of steel reinforcement which is needed to cause the 
beam to be of equal strength in tension and compression. The 
formulas for resisting moment determine the bending moment 
which a beam will safely withstand (for an existing structure) or 
the size of the beam needed to resist a given bending moment 
(for a proposed structure). 

In steel I-beams the above mentioned calculations, which for 
convenience we shall call “moment calculations,” are the only 
ones needed except in the case of short beams heavily loaded, 
when the matter of diagonal compression must be investigated. 
Steel beams are strong in tension but the thinness of the web 
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makes some investigation necessary in the design of short deep 
beams to prevent crippling of the web due to column action. 

In reinforced concrete beams, on the other hand, the concrete is 
strong in compression but exceedingly weak in tension and 
usually the diagonal tensile stresses become fully as important as 
the maximum fiber stresses. An investigation will now be made 
of the distribution of tension and shear in the concrete to deter- 
mine what effect such stresses have on the diagonal tensile 
stresses, and then we can decide on the method of providing for 
these stresses. The variation of the bond stress between the 
concrete and steel will also be considered.] 

35. Shearing Stresses.—As previously mentioned, the intro- 


Fre. 30. 


duction of steel into a concrete beam affects the direction of the 
diagonal tension lines to a certain extent, by reason of the large 
shearing stresses which are brought into existence immediately 
above the steel. First of all, however, let us see the method 
employed in determining this shear. 

In Fig. 30 is represented a short portion of a beam which we 
will assume so short that no part of the load need be directly 
considered. The total vertical shear will be denoted by V. The 
student has already learned that the horizontal and vertical 
shearing stresses per unit area at any point in a beam are the 
same. Let v = intensity of either stress at the neutral axis. 
The tension area of the concrete may be neglected. Then, 
C’=T’ and C=T. The total,shearing stress on any horizontal 
plane between the steel and the neutral plane will be equal to 
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T’ — T, and, if b is used to denote the breadth of beam, the stress 
per unit area 
T’-T (1) 
v= — 
bx 
The forces acting on this portion of the beam must be in equilib- 
rium, hence the couples must balance. Thus, 


Va=(T’—T)jd 
Va 
or (T’—T)= a 
Substituting in equation (1), we have 
eee (2) 
bid 


The value of 7 for working loads varies within narrow limits 
and v will change but slightly if the different values of 7 are 


Neutral plane 


Steel 


Ly 


a 


Vv 
a 
Fia. 31. 
inserted in equation (2). The average value of 7 for beams in 
ordinary construction is 7/8. Using this value, equation (2) 
reduces to 
Pe coe ge (3) 
7 bd 


‘It is clear that the shearing stress is the same at all points 
between the neutral axis and the steel; above the neutral axis 
the shear follows the parabolic law as in the plain concrete beam. 
Fig. 31 represents the distribution of shearing stress (both 
horizontally and vertically) on a vertical cross-section where 
the bending moment is not a maximum. 


It is quite as satisfactory for purposes of comparison to use the 
average value of the shearing stress, or 


V 


a (4) 
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It should be remembered that the true maximum intensity of 
shear will generally be from 10 to 15 per cent higher than the 
value thus determined. 

The longitudinal tension in the concrete near the end of beam 
modifies the distribution of the shear, increasing the shearing 
stress somewhat at the neutral axis and decreasing it at the level 
of the reinforcement. Equation (3), however, gives results 
which are sufficiently accurate and are derived for beams having 
the horizontal bars straight throughout. When any web rein- 
forcement is used, the distribution and the amount of the shearing 
stresses at the end of a simply supported beam are materially 
different from the foregoing. The analysis of the stresses become 
more complex and a determination of their value impracticable. 
Even here, however, the above formula serves a useful purpose. 
It is found that shear is the chief factor in the failure of a 
beam by diagonal tension and either formula (3) or formula (4) 
may be used in design if properly controlled by the results of 
experiments. 

36. Inclined Tensile Stresses.—To determine the approximate 
amount and direction of the diagonal tensile stresses in the 
concrete of reinforced concrete beams, the two equations given 
in Art. 29 will apply. The equations there given are as follows: 

t=1/2f+./1/4f +0 (1) 
PeroRese” (2) 
Ap 

Although we properly neglected any tension which may exist 
in the concrete, when making the ‘‘moment calculations” and 
when deriving the formula for horizontal and vertical shear, 
still when it comes to the consideration of diagonal tensile 
stresses this tension must be taken into account. As already 
explained, when the maximum fiber stresses in a beam at the 
section of maximum bending moment have reached their allow- 
able working values, the cracks near this section, across the 
bottom of the beam, show that tension in the concrete no longer 
exists. This is the reason why the concrete is not considered 
to take any tension in the moment calculations. But it must be 
understood that cracks due to the same cause do not exist near 
the ends of the beam where the bending moment is small and 
where the diagonal tension cracks are likely to occur. Also, 
maximum vertical and maximum horizontal shear will be found 
at the ends of a beam where the tension in the concrete exists, 
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but in the preceding equations for shear we have neglected the ~ 
tension existing in the concrete, because the effect of such tension 
on the distribution of the shear is very small and need not be 
taken into account. When it comes to the matter of diagonal 
tensile stresses, however, the tension in the concrete must be 
considered. 

As already explained, it is impossible at any point to determine 
how much tension still remains in the concrete and, because of 
this, our formulas for direction and magnitude of the diagonal 
tensile stresses cannot be used to give us accurate results nor 
can they be used in design. By means of them, however, we 
can arrive at some important conclusions. 

Suppose, for example, at some point between the middle and 
end of a beam, the stress in the steel is 3000 lb., due to a smaller 
bending moment than the maximum. Consider £,=2,000,000 
and #,=30,000,000. The steel and concrete at the bottom of 
the beam will have the same deformation due to plane sections 
remaining plane. We know, also, by definition that 


; tensile stress in concrete 
Deformation =- = fs 
Ei. FE, 


fsEo 


or tensile stress in concrete = R= 200 lb. per square inch. 
$s 


This is about the ultimate tensile strength of a good concrete 
and so between this point and the end of the beam, tensile stress 
will exist in the concrete, even along the bottom of the beam. 
Between this point and the center, tension will also exist in the 
concrete but the lower limit of the stress will gradually approach 
the neutral plane until the amount is approximately zero near the 
section of maximum moment. The resulting diagonal tension 
at the point of the beam referred to above, assuming a reasonable 
shearing stress in the lower part of the beam, say 80 lb. per 
square inch, will be by equation (1) 

t=1/2(200) +°/1/4(200)? +802 = 228 Ib. per square inch. 
and it will have a direction inclined about 19 1/4 degrees from 
the horizontal. This stress may exceed the ultimate strength of 
the concrete and the result will be an inclined crack. 

The above discussion shows us that the maximum tensile 
stresses become considerably inclined immediately above the 
line of the steel. From equation (2) it is plain that this inclina- 
tion is greater, the greater the shear, and the less the horizontal 
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tension. It will, therefore, increase toward the end of the beam. 
At points nearer the neutral plane, the horizontal tensile stresses 
become less and the inclined tension approaches the value of the 
shearing stress, while its inclination approaches 45 degrees. 
The student through all this discussion should keep in mind 
that these diagonal tensile stresses can only occur where the 
concrete still takes its proportion of the tensile stress. Fig. 32 
is an attempt to represent roughly the general direction of the 
inclined tensile stresses in a uniformly loaded beam with hori- 
zontal reinforcement. 

From equation (1) it is evident that the intensity of the diagonal 
tensile stress at any point depends upon the shear and horizontal 
tension in the concrete. The percentage of reinforcement is 
also a factor to be considered, since a large percentage reduces the 


Diagonal-tension -~“ --.. Very little tension in 
cracks likely to occur the concrete here (if any) 
on account of concrete 
cracking across the 
tension face 
Fie. 32. 


horizontal deformation and consequently the tension in the 
concrete, and tends to strengthen the beam as regards failure in 
diagonal tension. Remembering that for a given percentage of 
reinforcement, the horizontal tension in the concrete depends 
entirely upon the bending moment, we may say that the strength 
of a beam as regards diagonal tension failure depends upon the 
relation between shear and bending moment and upon the 
amount of reinforcement; shear, however, is the chief factor. 

From the preceding considerations the student should now see 
clearly that the character of the loading influences the strength 
of a beam as regards diagonal tension, the amount of reinforce- 
ment remaining the same. For example, Fig. 33 represents the 
variation in moment and shear in a beam with a concentrated 
load at the center; Fig. 34 represents the variation of these 
functions in a beam loaded at the third points; while Fig. 35 
shows similar curves for a uniformly loaded beam. In the first 
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and second cases maximum shear occurs where maximum mo- 
ment exists, while in the latter case it occurs at the point of zero 
moment. Conditions are thus seen to be somewhat more favor- 
able in the continuously loaded beam. 

The next question to be decided is this: How may we prevent 
diagonal tensile stresses which are excessive? Obviously, they 
will be reduced by keeping the horizontal tension small through 
. the use of considerable horizontal steel at points of heavy shear, 
by avoiding heavy shearing stresses, and by providing some type 


Ere. 33. 


of web reinforcement. The different methods of reinforcing for 
diagonal tension failure will now be taken up. From the pre- 
ceding discussion it is sufficient to bear in mind that the shear 
is the principal factor to be considered in the matter of diagonal 
tension and is a convenient measure of such stress. Also, that 
the shearing strength of the steel cannot be considered to aid the 
strength of a beam with respect to diagonal tension. 

37. Methods of Web Reinforcement.—There are in use many 
methods of placing steel in the web of a reinforced concrete 
beam in order to reinforce it against diagonal tension failure. 
The various methods may, for convenience, be divided into three 
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groups: (1) reinforcing metal placed at an inclination; (2) rein- 
forcing metal placed vertically; (3) miscellaneous methods, 


Fig. 34. 


Fia. 35. 


Referring to Fig. 32, it is evident that the ideal web reinforce- 
ment for uniform loading would be a system of rods arranged 
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approximately as shown in Fig. 36. In any given case the 
exact arrangement must depend upon the nature of the loading, 
concentrated loads tending to extend the region of large shear 
to greater distances from the supports. Some horizontal rods 
should be carried to the end of the beam in order to keep the 
tension in the concrete low and reduce the tendency to the forma- 
tion of inclined cracks. Also, if some of the horizontal rods are 
bent up to take the place of inclined stirrups, the bends should 
be made somewhat beyond the theoretical points required for 
bending moment, so that the actual working stresses in the 
horizontal steel near the end of the beam will be low. 

The method of reinforcement indicated in Fig. 36 cannot, how- 
ever, be conveniently used in practice. Often the horizontal 
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rods are too few in number to bend up at the required number 
of points for thorough web reinforcement, and besides it is not 
convenient to handle rods with various inclinations at their ends. 
The common practice is to use bent rods (all bent at the same 
angle) combined with vertical stirrups. It should be clear that 
rods bent at a moderate angle are well suited for sections toward 
the center of beam, and vertical stirrups for sections near the end 
where the steel must be spaced closer together and at greater 
inclinations. Sometimes separate inclined reinforcement (called 
inclined stirrups) is used and in such a case there is danger 
of its slipping along the horizontal rods if the inclination is too 
great. If attached to the horizontal rods, however, such rein- 
forcement is very effective. Special forms of bars may be used, 
such as the well-known Kahn bar, in which strips are sheared 
from the main bar and bent up. Fig. 37 will give the student an 
idea of some of the more common forms of beam reinforcement. 

A discussion of this kind would not be complete without some 
comparison being made between vertical stirrups and inclined 
rods in regard to their effectiveness in preventing inclined tension 
failure. To assist the student in seeing clearly the relation 
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between the action of vertical stirrups and inclined rods, Figs. 
38 and 39 have been prepared, based on the diagrams of Messrs. 
Taylor and Thompson.' In these figures the beams are con- 
sidered broken as shown. ‘The load to the left of the break being 
heavier will tend to drop, and this downward force, combined 
with the pull in the horizontal steel, may be resisted either by the 
vertical rod AB, or by the inclined rod CD. The inclined rod, 
except close to the end of beam, is in a better position to take 
stress immediately and, of course, must be more effective in 
preventing initial rupture. Practically, however, there is no 
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great difference in the effectiveness of the two forms of reinforce- 
ment if closely spaced so as to prevent excessive deformation 
along the lower portion of the beam. The calculation of the 
necessary web reinforcement will be taken up later after some 
definite results of experiments have been discussed. 

38. Bond Stress.—Slipping of the bars in a reinforced: beam 
may cause failure, but it can readily be prevented by proper 


construction. The tension in the horizontal steel near the 
1 From Taylor and Thompson’s “‘ Concrete, Plain and Reinforced,” 2nd edition, page 445. 
6 
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lower surface of a reinforced concrete beam is a maximum near 
the center of beam and decreases each way toward the end. 
The difference in the tension between any two points is trans- 
mitted to the concrete by the bond between the steel and the 
concrete. This increment (or decrement) of the tension in 
the steel is finally transferred to the compression area of the 
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concrete, and becomes an increment (or decrement) to the com- 
pressive stress in the concrete above the neutral axis. The 
formula for bond will now be derived for beams in which the 
reinforcement is horizontal or straight throughout. 


inclined rod” 


Fia. 39. 


The total shearing stress per linear inch between the steel 
and the concrete, considering a length of beam equal to 2, is 
T’—T 
cs 


From Fig. 30 
Va=(T’—T) jd, 
Lem Tv 
or reese (bond stress per linear inch) 
and the bond stress per square inch of the surface of the steel 
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ne re oe ‘ 
bars is 7 divided by the sum in inches of the circumference of 


the bars at the given vertical cross-section. Jf w=unit bond 
stress, and 4’o the total circumference of all bars in a beam at the 
given section, then 

es 

= sod 

The above formula shows that the bond stress is a simple 
function of the shear and varies with the shear. Thus, shear 
diagrams may be used to represent the variation of bond stress 
alongabeam. In most cases, plain horizontal rods are sufficient 
but, under unusual circumstances, deformed bars are employed to 
obtain a mechanical bond in addition to the strength resulting 
from adhesion of concrete to steel. When using the above 
formula, the average value of 7=7/8 may be taken. 

If we consider simply supported beams, experiments show 
that when stirrups are used the beam is stiffened and the bond 
stress along the horizontal rods near the end of beam is somewhat 
reduced. A reason for this may be shown in the fact that, after 
the concrete begins to crack from diagonal tension (Fig. 38), 
the stirrups aid in carrying part of the tensile stress which results 
from the bending moment then existing at the line of the diagonal 
crack; the stress in the horizontal rods at the end of beam is thus 
reduced and likewise the liability of failure through bond. A 
greater reduction of the bond stress has been found to exist when 
the web reinforcement is provided by means of bent rods. The 
reduction becomes considerable when about one-half of all the rods 
are bent up provided, however, that a sufficient number of rods 
be thus employed. Results seem to indicate that no reduction 
should be considered in design unless the number of rods bent be 
greater than three and that the bends be made at at least two 
points ateach endof beam. Tests show that for conditions espe- 
cially favorable, an average of 50 per cent more bond stress may 
safely be allowed on the horizontal rods at the end of beam than 
would be considered safe by the above formula. No allowance 
should be made when only stirrups are employed for the web 
reinforcement. The bond stress in continuous beams will receive 
attention in Art. 63. 

The bond strength of vertical (or inclined) stirrups may be 
insufficient to develop the required strength of the stirrups with 
respect to tension. This possibility must also be investigated in 


U 
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the design of beams having web reinforcement in the form of 
bent rods. It is evident, however, that the above formula for 
bond stress along horizontal rods can in no way apply to the bond 
stress along vertical or inclined stirrups. The method of obtain- 
ing the necessary diameter of stirrups, and the spacing of stirrups 
and bent rods will be explained later. 

39. Tests.—It would be poor judgment to base design of rein- 
forced concrete beams on theory alone. Seeing is believing and 
if tests could not be reconciled with theory, there are few engi- 
neers who would have much dependence upon theoretical for- 
mulas. The reason for making tests, in the first place, is to 
see if the theoretical formulas deduced from the principles of 
mechanics give results closely agreeing with the actual conditions 
in practice. 

A reinforced concrete beam will usually fail in one of three ways: 

(a) By the yielding of the steel at, or near, the section of 
maximum bending moment. 

(b) By the crushing of the concrete at the same place. 

(c) By a diagonal-tension failure of the concrete at a place 
where the shear is large. 

Methods (a) and (b) are called moment failures. Method (c) 
is sometimes improperly called a shear failure. To be sure, shear 
is the chief factor in the cause of such a failure, but the true reason 
for the destruction of the beam in such a case is the cracking 
of the concrete due to inclined tensile stresses. 

We have already spoken of the fact that the bond stress be- 
tween concrete and steel may be exceeded and that the beam 
may fail by the slipping of the bars. This, however, is not 
possible if the beam is designed properly and if a fairly wet 
mixture of concrete is employed and carefully placed around the 
steel. In an important series of tests on beams by Bach in 
which the primary cause of failure was the slipping of the bars, 
the bond stress along the horizontal bars at the end of beam was 
calculated by the preceding formula. The average maximum 
result for the rectangular beams with straight rods only was 291 
Ib. per square inch, and with stirrups 330 lb. per square inch. 
With a number of bent rods, the average value was 493 Ib. per 
square inch. 

Failure by the shearing of the concrete near the support is 
possible where the load is very close thereto, but as the shearing 
strength of concrete is at least one-half the crushing strength, 
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such failures are exceedingly unlikely and need rarely be con- 
sidered. The usual so-called shear failures are in reality diagonal 
tension failures. 

When a beam is to be tested to destruction in order to investi- 
gate any particular type of failure, the steel and concrete used 
are tested separately. In this way, the properties of the mate-~ 
rials are known when separately subjected to stress. 

When a beam begins to fail by the yielding of the steel, any 
further load rapidly increases the deformation, large cracks open 
up in the concrete on the tension side, the neutral axis rises on 
this account, and the ultimate failure soon occurs by the crushing 
of the concrete. A steel tension failure is found to occur when 
the amount of steel used is less than the amount determined by 
theoretical formulas which makes the beam of equal strength in 
tension and compression. This result agrees, then, with what is 
expected. Likewise it is found that with a larger amount of steel 
than is theoretically required, the yield point of steel is not 
reached and the beam fails directly by crushing of the concrete. 
Beams with no web reinforcement and with the existence of 
large shearing and moment stresses, fail by inclined cracks open- 
ing up in the concrete, thus substantiating to a considerable 
degree the theoretical deductions regarding the internal stresses 
in beams. 

The results of breaking tests on reinforced beams with different 
percentages of steel reinforcement compare well with the resuits 
derived from theoretical formulas. Considering the nature of 
the material, the calculations by the two assumptions of stress 
variation are found to agree sufficiently with the experimental 
results to justify their use in problems of design. 

Another method of testing reinforced concrete beams is by 
the use of extensometers to measure distortions, so that the 
deformation of the steel and of the extreme fiber of the con- 
crete may be calculated and the neutral axis determined. In 
making beam tests it is customary to place equal loads at points 
dividing the length into three equal parts. (See illustration 
of beam marked C1.) The advantage of this arrangement lies 
in the fact that the bending moment is practically uniform be- 
tween the loads and, if measuring devices are attached, the de- 
formations of the fibers at the top and at the bottom may be 
easily determined. If in Fig. 40 the deformations be aa’ and 
bb’, the neutral axis O is located by connecting a’ and b’ with a 
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straight line, intersecting ab at O. In our moment calculations, 
the position of the neutral axis was found to be of prime im- 
portance and we can readily see that, once this is known, the 
actual strength may be determined with little uncertainty. 
In determining the position of the neutral axis, the formula for 
k shows it to depend only upon the amount of steel used and 


upon the ratio = orn. The only element of uncertainty is the 


c 
value of E,. It might be well to take the value as determined 
by the ordinary compression test for use in our theoretical 
formulas, but closer results can be obtained from these formulas 
if the value of n is taken so that for average conditions the 
neutral axis is in as nearly as possible the same position theoret- 
ically and experimentally. The reason that Z,, as thus deter- 
mined, will give better results at working loads, is due to the 
effect of the remaining tension in the concrete below the neutral 


1 
a a 1,05 O, 
fe) O3 
2 
QO, 
b b ae as 
Fig. 40. Fia. 41. 


axis—a stress which is properly not allowed for in the resisting 
moment. From the results of experiments by extensometers for 
determining the position of the neutral axis, it appears thata 
value of 15 for n is not too large for calculations of strength 
of beams under the usual assumptions, although great accuracy 
in this respect is found unnecessary. 

In making the experiments above described, it was observed 
that the neutral axis raised as the loading increased, k being 
approximately 3/8 at working loads. It was also noted that for 
the lower loads the neutral axis as determined from the theoretical 
formulas is more uncertain and generally lower in the beam than 
for the higher loads. This is undoubtedly due to the relatively 
large influence of the tensile strength of the concrete in such 
cases. This rise of the neutral axis as the load increases is 
shown in Fig. 41, Consider a,b, to be the plane ab after a bending 
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takes place just sufficient to bring the maximum tensile stress in 
the concrete to its ultimate value. When loads are applied which 
cause a greater bending moment, the concrete in tension becomes 
broken by fine cracks, and the steel takes a greater part of the 
tensile stress. The elongation at b now increases faster than at a, 
and the neutral axis rises rapidly. When working loads are 
reached, the position of the neutral axis moves but little, and 
the steel takes all the tension. 


Fie. 42. 


Fig. 42 illustrates a typical diagonal tension failure where 
only horizontal bars are used. The initial crack forms at a 
and branches in a diagonal direction, running in a direction away 
from the support. A little later the concrete begins to fail in a 
horizontal tension crack just above the rods, progressing from a 
toward the end of the beam. This horizontal crack is brought 
about by the new conditions which exist after the concrete has 
become cracked along the diagonal line and the normal diagonal 
tension has thus ceased to act. Sometimes this horizontal 
crack does not extend to the end of the beam—the final failure 
occurring either by the diagonal crack extending to the top of the 
beam or the horizontal rods pulling out. Thus final failure often 
occurs from stresses which are developed after initial failure has 
occurred. However, the initial failure and its cause is what 
is of importance in design. 

In regard to tests of beams having web reinforcement, it is 
found that vertical stirrups spaced a distance apart equal to, 
or greater than, the depth of the beam, will give little aid in 
the prevention of diagonal cracks between successive stirrups, 
although they may prevent final failure by preventing the exten- 
sion of a.crack horizontally along the reinforcing rods. 

Using stirrups with part of the horizontal rods bent up, the 
diagonal tension cracks appear with an inclination about the 
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same as those which cause diagonal tension failure in a beam 
without web reinforcement. The beam, however, is found to 
withstand a great deal more shear, confirming the theoretical 
deductions. 

Tests by Talbot in which curved and inclined rods were used, 
but in which no rods continued straight for the entire length of the 
beam, showed results very little better than for straight rods. 

Vertical stirrups and bent rods combined are found by tests to 
give the very best results. Tests also seem to indicate that too 
much reliance should not be placed upon one or two bent rods. 
For this reason, even if one or two rods are bent up properly to 
take the diagonal tension, it would be good design to consider 
this rod as not taking any diagonal tensile stress and to provide 
a thorough web reinforcement by means of stirrups. 

Fig. 43 represents the conditions which developed in the 
test of a beam. The cracks are numbered in the order of their 


Fig. 43. 


appearance, final failure occurring at crack No. 4 and being due 
to inadequate web reinforcement. The stirrups were stressed 
beyond their yield point. 

It appears from tests of beams in which bent rods were em- 
ployed with a good anchorage at their ends, that the anchorage 
is quite advantageous in increasing web resistance. This form 
of construction is also found to be an insurance against failure 
at low loads through defective concrete or insufficient bond. 

The results of experiments show that the ultimate compressive 
strength of concrete in a beam is at least equal to its crushing 
strength as determined by tests on cubes hardened under similar 
conditions; also, that the yield-point of the steel should be re- 
garded as ultimate strength as far as reinforced beams are con- 
cerned. When the steel reaches its yield point, the beam de- 
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flects, and failure soon occurs by the crushing of the concrete. 

The ultimate shearing strength of a beam having no web 
reinforcement may be taken at 100 to 150 lb. per square inch, 
for a 1:2:4 concrete, calculated as average shearing stress on the 
cross-section. The stresses here considered relate to shearing 
stresses involving large diagonal tensile stresses. Where such 
tensile stresses are not developed to any extent, as in punching 
shear, a value of at least one-half the compressive strength (as 
previously mentioned) may be employed. However, it is almost 
impossible in practice to avoid altogether such tensile stresses, 
and it is not advisable to raise the first value given any consider- 
able amount. The student must continually bear in mind that 
the kind of failure denoted as a shear failure is so called for con- 
venience; they are diagonal tension failures brought about by 
large shearing stresses and hence may be measured by the shear- 
ing forces present. The average shearing stress on a vertical 
section at failure is the value always given. While the maximum 
shearing stress is 12 to 15 per cent greater than this, the average 
stress is practically as good a standard of measure and is much 
more readily calculated. 

The following is taken from ‘Principles of Reinforced Con- 
crete Construction” by Turneaure and Maurer: “As already 
stated the amount of horizontal steel has a direct bearing on 
shear failures for the reason that large areas of steel with low 
unit stresses permit less extension of the concrete than small 
areas with high working stresses. This effect is shown in a 
marked manner in a series of tests made at The University of 
Wisconsin on small mortar beams of 1:3 mixture. The beams 
were 3 in.X41/2 in. in cross-section and 4 ft. span length. 
Loads were applied at two points a varying distance apart. Only 
straight reinforcement was used, amounting to 1.41 per cent. 
The tensile strength of the material was high, being 490 lb. per 
square inch. The results were as follows: 


Distance apart of loads Average shearing stress 
Inches Lb. per sq. in. 
Center load — 177 
12 200 
24 220 
32 316 
36 512 
40 850 


44 1035 
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The increase in strength as the loads approach the supports must 
be due largely to the decrease in moment stress and consequent 
distortion which is essentially what occurs when large areas of 
steel and low working stresses are used.” 

Tests on beams with web reinforcement show that the ultimate 
average shearing strength may reach 300 to 400 Ib. per square 
inch. The latter figure may, from our present knowledge, be 
taken as about the maximum value with ordinary, closely spaced, 
web reinforcement. 

Diagonal tension failure in a beam occurs suddenly. It is 
the failure to be most feared and therefore should be most care- 
fully guarded against. 

40. Working Stresses.—The following working stresses were 
recommended by. the Joint Committee on Concrete and Rein- 
forced Concrete in its Final Report presented early in 1917. 
This Joint Committee was composed of members selected from 
the American Society of Civil Engineers, the American Society 
for Testing Materials, the American Railway Engineering Asso- 
ciation, the Portland Cement Association, and the American 
Concrete Institute, and therefore represents the highest author- 
ity in the United States. The form given corresponds essen- 
tially with the 1917 Report of the Reinforced Concrete Com- 
mittee of the American Society of Civil Engineers. 


General Assumptions.—The following working stresses are recom- 
mended for static loads. Proper allowances for vibration and impact 
are to be added to live loads where necessary to produce an equivalent 
static load before applying the unit stresses in proportioning parts. 

In selecting the permissible working stress on concrete, the designer 
should be guided by the working stresses usually allowed for other ma- 
terials of construction, so that all structures of the same class composed 
of different materials may have approximately the same degree of 
safety. 

The following recommendations as to allowable stresses are given in 
the form of percentages of the ultimate strength of the particular con- 
crete which is to be used; this ultimate strength is that developed at an 
age of 28 days, in cylinders 8 in. in diameter and 16 in. long, of the 
proper consistency, made and stored under laboratory conditions. In 
the absence of definite knowledge in advance of construction as to just 
what strength may be expected, the Committee submits the following 
values as those which should be obtained with materials and workman- 
ship in accordance with the recommendations of this report. 

Although occasional tests may show higher results than those here 
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given, the Committee recommends that these values should be the maxi- 
mum used in design. 


TABLE OF COMPRESSIVE STRENGTHS OF DIFFERENT MIX- 
TURES OF CONCRETE 


(In Pounds per Square Inch) 


Aggregate 1:31 1:46! 1:6! 1:74! 1:91 
Granite tran Tock. ...... 5; 3300 2800 2200 1800 1400 
Gravel, hard limestone, and 

hard sandstone........... 3000 2500 2000 1600 1300 
Soft limestone and sandstone. 2200 1800 1500 1200 1000 
Cig Ghee ¢ Ae ee 800 700 600 500 400 


Bearing.—When compression is applied to a surface of concrete of at 
least twice the loaded area, a stress of 35 per cent of the compressive 
strength may be allowed in the area actually under load. 

Axial Compression—For concentric compression on a plain concrete 
pier, the length of which does not exceed four diameters, or on a column 
reinforced with longitudinal bars only, the length of which does not 
exceed twelve diameters, 22.5 per cent of the compressive strength 
may be allowed. 

For other forms of columns, see Chapter VI. 

Compression in Extreme Fiber—The extreme fiber stress of a beam, 
calculated on the assumption of a constant modulus of elasticity for 
concrete under working stresses may be allowed to reach 32.5 per cent 
of the compressive strength. Adjacent to the support of continuous 
beams, stresses 15 per cent higher may be used. 

Shear and Diagonal Tension.—In calculations on beams in which the 
maximum shearing stress in a section is used as the means of measuring 
the resistance to diagonal tension stress, the following allowable values 
for the maximum vertical shearing stress in concrete, calculated by the 
method given in this text, are recommended: 

(a) For beams with horizontal bars only and without web rein- 
forcement, 2 per cent of the compressive strength. 

(6) For beams with web reinforcement consisting of vertical stirrups 
looped about the longitudinal reinforcing bars in the tension side of the 
beam and spaced horizontally not more than one-half the depth of the 
beam; or for beams in which longitudinal bars are bent up at an angle of 
not more than 45° or less than 20° with the axis of the beam, and the 
points of bending are spaced horizontally not more than three-quarters 
of the depth of the beam apart, not to exceed 4 1/2 per cent of the com- 
pressive strength. 

(ec) For a combination of bent bars and vertical stirrups looped about 
the reinforcing bars in the tension side of the beam and spaced hori- 


1 Combined volume fine and coarse aggregate measured separately. 
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zontally not more than one-half of the depth of the beam, 5 per cent of 
the compressive strength. 

(d) For beams with web reinforcement (either vertical or inclined) 
securely attached to the longitudinal bars in the tension side of the beam 
in such a way as to prevent slipping of bar past the stirrup, and spaced 
horizontally not more than one-half of the depth of the beam in case of 
vertical stirrups and not more than three-fourths of the depth of the 
beam in the case of inclined members, either with longitudinal bars bent 
up or not, 6 per cent of the compressive strength. 

The web reinforcement in case any is used should be proportioned by 
using two-thirds of the external vertical shear in formulas in this text. 

Where punching shear occurs, provided the diagonal tension require- 
ments are met, a shearing stress of 6 per cent of the compressive strength 
may be allowed. 

Bond.—The bond stress between concrete and plain reinforcing bars 
may be assumed at 4 per cent of the compressive strength, or 2 per 
cent in the case of drawn wire. In the best types of deformed bar, the 
bond stress may be increased, but not to exceed 5 per cent of the com- 
pressive strength of the concrete. 

Reinforcement.—The tensile or compressive stress in steel should not 
exceed 16,000 Ib. per square inch. 

In structural steel members, the working stresses adopted by the 
American Railway Engineering Association are recommended. 

Modulus of Elasticity—The value of the modulus of elasticity of 
concrete has a wide range, depending on the materials used, the age, 
the range of stresses between which it is considered, as well as other 
conditions. It is reeommended that, in computations for the position 
of the neutral axis, and for the resisting moment of beams, and for com- 
pression of concrete in columns, it be assumed as: 

(a) One-fortieth that of steel, when the strength of the concrete is 
taken as not more than 800 lb. per square inch. 

(b) One-fifteenth that of steel, when the strength of the concrete is 
taken as greater than 800 Ib. per square inch and less than 2200 Ib. per 
square inch. ; 

(c) One-twelfth that of steel, when the strength of the concrete is 
taken as greater than 2200 Ib. per square inch and less than 2900 lb. 
per square inch, and 

(d) One-tenth that of steel, when the strength of the concrete is taken 
as greater than 2900 Ib. per sq. in. 

Although not rigorously accurate, these assumptions will give safe 
results. For the deflection of beams which are free to move longitudi- 
nally at the supports, in using formulas for deflection which do not take 
into account the tensile strength developed in the concrete, a modulus 
of one-eighth of that of steel is recommended. 
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The yield-point of ordinary mild steel purchased in the open 
market cannot safely be fixed at a higher value than from 30,000 
to 32,000 lb. per square inch, although frequently, and in fact in 
the majority of cases, a value of at least 35,000 to 40,000 lb. 
per square inch will be found. Since the yield-point of steel is 
regarded as its ultimate strength when used in reinforced concrete 
beams, the maximum working stress of 16,000 lb. per square inch 
recommended by the Joint Committee, gives, it would seem, a 
factor of safety of at least about 2 with respect to a steel-tension 
failure. In well-designed beams, however, where the concrete 
used is of high grade, the steel stress at failure will considerably 
exceed its elastic limit, the high crushing strength of the concrete 
enabling the steel to elongate very considerably before final 
failure occurs through the crushing of the concrete. For the 
above reason, the working stress of 16,000 will be found to give 
a much greater factor of safety than 2—generally somewhere 
between 2 1/2 and 3. 

The elastic limit of good concrete is between one-half and two- 
thirds its ultimate strength. Considering 2000 lb. per square 
inch as the ultimate strength in concrete, the elastic limit will be 
about 1000 to 1300 lb. per square inch. The working stress 
of 650 lb. per square inch gives the beam, then, a factor of safety 
as regards elastic limit of concrete of about 2, and as regards the 
ultimate strength of concrete, from 4 to 5 (this value is greater 


than — since above the elastic limit the stress in concrete does 
not vary even approximately in the same ratio as the increase in 
the loading). 

Thus, the elastic limit of a reinforced concrete beam is deter- 
mined by the concrete (minimum factor of safety about 2) and 
its point of failure by the steel (minimum factor of safety between 
21/2 and 3), which may be regarded as satisfactory conditions. 
The greater uniformity and reliability of the steel, as compared 
to the concrete, should be noted in this connection. 

It must be plain to the student that with the values recom- 
mended by the Joint Committee for the compression in concrete 
and the tension in steel, that a beam will reach its elastic limit 
(determined by the concrete) before it fails (determined by the 
steel). Of course, the preceding statement applies only when 
the beam is adequately reinforced against diagonal tension and 


bond stress. In choosing the above factors, the margin of safety 
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between the elastic limit and ultimate strength has received 
consideration. 

The student should note that a working tensile stress of 16,000 
Ib. per square inch is recommended by the Joint Committee 
for all grades of steel. High working stresses in the steel involve 
large distortions in the concrete, not only at the center of beam 
but also diagonally near the end of beam. Low unit stresses in 
the steel are greatly to be preferred on this account. It can also 
be shown that very little is to be gained in economy by using 
high stresses such as is often done with high elastic limit steel. 

In determining the relative working stresses in steel and con- 
crete some attention should be given to the question of repeated 
loads. If the live load is a large percentage of the total load and 
subject to frequent repetitions, a relatively low working stress in 
the concrete may well be employed in order to maintain elastic 
conditions. As regards the steel, more perfect elasticity exists 
up to a definite point, and hence repetition of load need not be 
considered in the selection of its working stresses. Low unit 
stresses in the steel are to be preferred, in order to prevent ex- 
cessive deformations and reduce the liability of diagonal tension 
cracks. The working stress of 16,000 should be the maximum 
for medium steel. 

The standard compression specimen adopted by the Joint 
Committee is a cylinder 8 in. in diameter by 16 in. long. Most 
of the important tests of concrete up to the present time have 
been made on either 6 by 6 in. or 12 by 12 in. cubes. It is often 
important to compare the strength of cylinders and cubes and 
this can be done by means of the formula given in Art. 10. 


PROBLEMS 


22. A simply-supported reinforced concrete beam having 6 =8 in. and d=12 
in. has a span of 15 ft. and sustains a uniform load (live plus dead) of 
350 Ib. per foot. The beam contains four 1/2-in. square rods straight 
throughout and properly spaced. What is the maximum bond stress 
on these rods in pounds per square inch? 

23, Determine whether or not the beam of Problem 22 is of equal strength 
in tension and compression, assuming the allowable working stresses to 
be fs=16,000 lb. per square inch and f;=650 lb. per square inch. 
Take n=15, 


24. 


28. 


29. 


30. 


31. 


32. 
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(a) What would be the maximum bond stressin Problem 22 if two 3/4-in. 
square rods were employed? (b) If one 1-in. square rod was used? 
(c) What fact is brought out by (a) and (b)? 


. What is the maximum shearing stress in the beam of Problem 22? 


Where does this maximum occur? 


. Is web reinforcement needed in the beam of Problem 22 according to the 


recommendations of the Joint Committee? 


7. If two of the rods in Problem 22 were bent up near the end of beam, 


approximately what would be the maximum bond stress along the two 
remaining rods? 

If you were designing a beam under the conditions of Problem 22 and 
the depth (d) was limited to 12 in., what breadth of beam and amount 
of steel would you consider satisfactory? 

A reinforced concrete structure is subjected to a constant repetition of 
a live load which is large in comparison with the dead load. Explain 
what you know pertaining to the proper working stresses for the same. 
A 1:2 1/2:5 concrete is to be used under average conditions in a rein- 
forced concrete beam. Medium steel. Determine the working stresses 
to use. ; 

A 12-in. by 12-in. cube of a concrete, which is to be used in a reinforced 
beam, has an ultimate strength of 2500 lb. per square inch. High car- 
bon steel. Average conditions. What working stresses would you 
employ in design? 

A simply-supported beam is loaded with a heavy concentrated load at 
a point one-fourth the span length from the left support. Considering 
horizontal steel, show the general directions of the diagonal tensile 
stresses throughout the beam. 
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41. Vertical and Inclined Reinforcement.—Thus far in the 
course the student has been brought to realize the effectiveness 
of inclined and vertical bars in preventing diagonal tensile cracks 
in reinforced concrete beams. This type of failure we have seen 
is the one to be most feared. The inclined reinforcement may 
be separate members firmly connected with the horizontal 
reinforcement to prevent slipping, or some of the horizontal 
bars may be bent up near the ends of the beam where they are 
not needed to resist bending. The vertical reinforcement may 
be used separately or in combination with inclined reinforcement, 
depending upon the preference of the designer and upon the 
amount of diagonal tension to be provided for. When vertical 
stirrups are used, they should be looped around the horizontal 
bars so as to be firmly anchored at their lower ends where the 
stress is a maximum. The value of a stirrup unless looped or 
hooked at the top is limited by its strength of bond and, as its 
length is not great, this point may need consideration. 

The proportioning of web reinforcement cannot be done with 
any degree of exactness since very little experimental work has 
been performed along this line. However, rough determinations 
of what is required may be obtained on rational grounds. The 
only information given us by tests, is the value of the shearing 
stress which measures diagonal tension failure—(1) for beams 
with horizontal bars only, and (2) for beams having an effective 
system of web reinforcement. Also, tests on beams, with and 
without web reinforcement, show that when reinforcement is 
provided for diagonal tension, the concrete may be assumed to 
carry its full value of the shear and the steel the remainder. 
This action of the concrete and web reinforcement is found to 
exist at ultimate loads—namely, when the beam has failed by 
the slipping of the bars. Since this is found true at ultimate 
loads, it undoubtedly would be’ even more certain at working 
loads when the concrete at the most is only slightly cracked. 

The Joint Committee limits the shearing unit stress in a beam 
with an effective web reinforcement to 120 lb. per square inch for 
a 2000 lb. concrete—namely, three times the allowable shearing 
stress in a 2000 Ib. concrete without reinforcement. In the dis- 
cussion which follows, we shall assume the concrete to take one- 
third of the total shear and the stirrups the remaining two-thirds. 
The point in the beam beyond which web reinforcement is 
unnecessary will, however, be determined by the maximum 
allowable shear in the concrete, 


2 
| 
| 
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When the unit shear at end of beam (which equals nal is 
found to only slightly exceed 40 lb. per square inch, it would 
seem that a beam designed according to the above assumption 
would be unnecessarily strong as regards web reinforcement. 
This is true, but on account of the small amount of reinforcement 
which is usually needed for such cases and the importance of such 


: , 3 28 
reinforcement in reinforced concrete beams, the value 3 1S pro- 


posed for all cases. 
Using Taylor and Thompson’s method of analysis,! let 


V = total shear. 
s = horizontal spacing of stirrups. 
a; = area of section of stirrup. (In a U-shaped 


stirrup, ds is the sum of the areas of the two 
legs.) 
fs= unit stress in steel. 


The maximum intensity of vertical shear v at a vertical section 


AA, Fig. 44, is ah The maximum intensity of horizontal shear 


at a section AA is equal to the maximum intensity of vertical 
shear v at the same section. Multiplying this shear by b, the 
breadth of the beam, gives the maximum horizontal shear per 


unit of length of the beam = Consider now a horizontal 


plane of length s at, or below, the neutral plane. The intensity 
of the horizontal unit shear on this plane varies proportionally 


1From Taylor and Thompson’s “‘ Concrete, Plain and Reinforced,” 2nd edition, page 448. 
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; V . V 
with the total shear, and is equal to 7d at section AA and tony 
at section CC. Hence, the total amount of shear on this plane, 

‘ ay, ; Vey, 
considering uniform variation of shear, is equal to 35 d 2(s), 


V re 
or, when V at BB is the average shear, to ai This is the ver- 


tical component of the diagonal tensile stress in a length of 
beam s, 

When a stirrup is placed at B, Fig. 44, and the distance between 
stirrups is s, then the vertical component of the diagonal tension 
Ze VS : shes 
a ia This stress causes tension in 
the stirrup, the corresponding horizontal component of the 
diagonal tension being carried by the horizontal rods. 

The stress in a vertical stirrup is asf, hence the cross-sectional 
area of vertical steel required in a length of s may be taken 
approximately as 


to be taken by this stirrup is 


ds =} ja (Vertical stirrups) (1) 

For stirrups or bars inclined at 45 degrees, the lines on a beam 
representing the direction in which the diagonal tensile cracks 
are likely to occur, are crossed more times per unit of length for 
a given horizontal spacing than would be the case if vertical 
stirrups were employed; -that is, a given amount of inclined steel 
is much more effective in taking diagonal tension than the same 
amount of vertical steel. It may be assumed, then, that the 
stress in the inclined bars is approximately ae 
quired area of steel, assuming the steel to take two-thirds of the 
shear, is 


and the re- 


2 0.7(Vs) . 
ds = 3" fda (Inclined bars 45 degree angle)! (2) 
For other angles of inclination K, it may be assumed as approxi- 
mately correct to use the formula 
2 sin K (Vs) : 
d=" heey ep (Inclined bars any angle) (3) 
The recommendations of the Joint Committee for the allowable 
shearing stresses in beams, both with and without effective web 


1 Experiments show that this formula may be used for bars inclined at any angle between 
30 and 45 degrees, 
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reinforcement, apply to the maximum unit shear at any point 
of a vertical section, which we have previously found to be Ba 
This maximum extends from the horizontal steel up to the 
neutral axis. The stress in the stirrups will consequently be 
the greatest along a plane located between the neutral plane and 
the horizontal rods. 

Assuming that the distance between centers of compression 


and tension (7d) is approximately 7/8d, it is clear that stirrups are 
7 
required with horizontal bars, only when 2 is greater than 7/8 (40) 


should not be greater than 


v 
> bd 
7/8(120) =105 lb. per square inch with the most effective web 


=35 lb. per square inch. Also 


reinforcement. bd has been previously denoted by v,, and we 


shall represent it in this manner hereafter. 

The manner of providing for diagonal tension in beams cannot 
be impressed too strongly upon the student. First of all, notice 
the most unfavorable part of the given beam as regards diagonal 
tensile stresses. This will be at points of excessive shear com- 
bined with considerable bending moment. Also, be careful to 
extend sufficient horizontal steel to the ends of the beam to 
provide for bending with low unit stresses in the steel. A great 
many times it will be impracticable to provide as much reinforce- 
ment as desired by means of bent-up rods, and some vertical 
stirrups will be needed. _ In small beams, vertical stirrups only 
are often employed throughout, but in large beams under heavy 
shearing stresses, both should be used. In detail, stirrups may 
be made in various forms, as indicated in Fig. 45. Special 
attention is called to the many excellent features of the continu- 
ous stirrup. Woven wire bent around the rods is a satisfactory 
and very effective reinforcement. The Joint Committee recom- 
mends that the spacing of vertical stirrups should not exceed 
one-half the depth of beam and that the longitudinal spacing of 
bent bars should not exceed three-fourths the depth of beam. 

42. Vertical Stirrups——We have seen that the required area of 
cross-section of a vertical stirrup may be determined by the 
formula 
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With a given stirrup, this formula may be solved to give the 
spacing required, or 

yeas oe 

ey, 

The value of V should be taken at the section where the spacing 


is desired. 
Tests have shown that little or no value is derived from stirrups 
spaced a distance apart about equal to d. Thus, the spacing of 


s 


“Continuous 
stirrup 


stirrups must not exceed the depth of the beam, and, as we have 
seen, the practical limit suggested by the Joint Committee is 
one-half the depth. Many constructors advise the insertion 
of occasional stirrups throughout the entire length of the beam, 
especially T-shaped beams, even if they are not theoretically 
necessary. 

Where only a small amount of web reinforcement is needed, 
stirrups are occasionally spaced uniformly for convenience. 
When this is done, only the minimum value of s needs to be 
figured, and this can be obtained by substituting for V in the 
above equation, the total shear at the end of beam. 


a ae 
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The distance from the support to the point where no stirrups 
are required is helpful in design. This distance for uniform 
loading may easily be expressed by means of a formula. 


Let v = unit shear. 
v’ = unit working shear. (V’ = corresponding total shear). 
x, = distance in feet from left support to point beyond which 


stirrups are unnecessary. 


l = span of beam in feet. 
w = uniform load in pounds per foot. 
Then 
— 4 
—— bjd 


Stirrups become unnecessary at section where v=v’. Thus, at 
the required section 


1 — ve 
bid 
But. 
y= a Wi, 
Substituting and solving for z,, we have 
_1_ vbjd 
<i nee 


Suppose a 10-ft. beam (b=10 in. and d=20 in.) is uniformly 
loaded with 2900 lb. per foot, and assume v’ =40 lb. per square 
inch according to recommendation of Joint Committee for 2000 
lb. concrete. Also assume jd=7/8d. Then, 

_ 10 (40)(10)(17.5) 
oO Res 2900 
= 2.59 ft. 


The following graphical method may be employed to deter- 
mine the spacing of stirrups in large and important beams: 

Lay off one-half the span to any convenient scale as shown in 
Fig. 46. Compute the values of s at a number of points (1, 2 
and 3, for example) and lay off these values on the perpendicu- 
lars erected at the respective points to the same scale as the span. 
Draw a smooth curve through the upper ends of the perpendicu- 
lars. From point a on the curve directly above the point where 
the first stirrup will be placed, draw a line at 45 degrees to inter- 
sect with the horizontal line and erect at the point of intersection 
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Ba perpendicular to cut the curve in point 6. Aline drawn from 
b at 45 degrees will intersect the horizontal in point C, where the 
above process is repeated. The points A, B, C, D, #, thus 
obtained, are the points at which stirrups are required. 


In the case of uniformly loaded beams, it is only necessary to 
compute the minimum spacing of stirrups—that is, at the 
support. The spacing at two other points may be obtained from 


the fact that the spacing for a distance from the support : is 


: 
: 
F 
. 


four-thirds the minimum, and for a distance : is twice the 


minimum. At the center, the spacing is infinity. 
The diagram of maximum shear intensity along a uniformly 
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loaded beam is shown in Fig. 47. If the shear at the end of beam 
is the maximum allowable, the trapezoid ABCD represents the 
total stress to be taken by the stirrups at each end of beam. The 
ordinate AB represents two-thirds of the shear at the support 
per 1-in. length of beam. 

Some attention must be paid to the diameter of stirrup which 
it will be possible to employ in any given case. Of course, the 
diameter should not be so small that the stirrups will be placed 
too close together for convenience in construction, say 8 or 4 in., 
nor yet so far apart that the limiting value 1/2d is exceeded. But, 
in addition to such consideration, the bond strength of the stirrup 
must be carefully investigated since the danger of slipping deter- 
mines the maximum diameter which may be employed. 

Let us derive a formula for the maximum diameter to be used 
in any given case. We shall consider straight stirrups only. 


Let i = diameter of stirrups. 
a, = area of stirrup. 
o = circumference of stirrup. 
u = allowable bond stress per unit of surface of bar. 


The distribution of bond stresses developed on the surface of 
the stirrups is indeterminate. Evidently it must not be expected 
that tension will be transferred to the concrete until the com- 
pression area of the beam is reached, or until a point but little 
below is reached. Experiments show that it is safe to assume 
the grip of the stirrup to be 0.6 the depth of beam. 


fs = 0.6 dou 
or 
fies u 
Eas bay 
But; for round or square stirrups 
42 
Pea 
a 4 
1 sf 
0 a “at 


Then 
Keep 


The table on page 98 gives the values of 2. A ;, for different 
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working values of tension and bond, as developed by Messrs. 
Taylor and Thompson in “Concrete, Plain and Reinforced.” 


Allowable unit bond Vertical bars 
stress in pounds Allowable unit tension in stirrups in pounds 
per square inch (wu) per square inch (fz) 
12,000 | 14,000 15,000 16,000 20,000 
80 0.016 | 0.014 0.013 0.012 0.010 
100 0.020 | 0.017 0.016 0.015 0.012 
120 0.024 | 0.020 0.019 0.018 0.014 
150 0.030 | 0.026 0.024 0.022 0.018 


Suppose that for a given vertical stirrup the allowable f,= 
16,000 lb. per square inch and the allowable w=80 lb. per square 
inch. Also, let the depth (d) of the beam in question be 20 in. 
Then 7=0.24 in.—practically 1/4in. Using deformed bars with 
u=100 and f,=16,000, a beam 20 in. deep to center of steel, mak- 
ing no allowance fore value of a bent end (called prong or hook) 
would require stirrups not to exceed practically 3/8 in. in diam- 
eter. Deformed bars are therefore useful for stirrups to permit 
larger diameters, although the total quantity of stirrup steel re- 
quired throughout a beam is not changed except where the spacing 
would tend to exceed the allowable. In other words, with de- 
formed bars the stirrups do not need to be spaced as closely as 
with plain bars. 

Tests show that either a right angle or a semi-circular bend 
of 5 diameters is sufficient to stress the steel to its elastic limit, 
provided the hook is well embedded in the concrete so that it 
cannot kick out. To rely upon such increase in strength over 
the straight stirrup, an embedment is required in all directions 
equal to 8 diameters of the bar. 


1 From Taylor and Thompson's “ Concrete, Plain and Reinforced,"’ 2nd edition, page 454. 
Copyright, 1905, 1909, by Frederick W. Taylor. 
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Illustrative Problem.—aA concrete beam is 9 in. X 16 in. in cross-section and 
the tension reinforcement is 2 in. above the lower face of the beam. Span 
of the beam is 8.5 ft. Uniform load of 1800 Ib. per foot. If necessary, the 
web is to be reinforced against diagonal tension using vertical stirrups. The 
working stresses recommended by the Joint Committee for a 2000 lb. con- 


crete will be used. 
V_ (7650 : 
bd (0) (14) =61 lb. per square inch. 
The allowable average shear vp» is 35 lb. per square inch, hence stirrups 
are necessary. 
The diameter of a stirrup without any prong or hook should not exceed 
(see table) 
% = (0.012) (14) 
= 0217 in: 
Weill use stirrups bent at the upper end and because of this bending 1/4- 
in. round bars may be considered secure against slipping. 
Stirrups are unnecessary at a distance from support (assuming 7 =7/8) 
equal to 
8.5 _ (40) (9) (7/8) (14) _ 
n= 5) 1800 =1.80 ft. 
The minimum spacing of stirrups (U-shape) will occur at the supports and 
will be equal to 
4g 3. (2) (0.049) (16,000) (7/8) (14) 


= 7 AS) vba 


2 7650 
Let x = distance from the left support. Then forz = : —elelentemthe 
spacing is (4/3)(3.75) =5.0 in.; and for x = = 2.1 ft., the spacing is 


(2)(8.75) =7.5in. A smooth curve drawn through the points determines the 
spacing at any part of the beam. In monolithic construction, the first 
stirrup may be placed one-half the minimum spacing from the edge of the 
support, and the last stirrup should not be farther distant from the limiting 
point, where stirrups are unnecessary, than half of the distance between the 
last two stirrups. In beams simply supported, the first stirrup should be 
placed one-half the minimum distance from the center of support. 


43. Horizontal Bars Bent Up for Web Reinforcement.—The 
ends of the horizontal bars in a reinforced concrete beam may often 
be bent up to assist in providing for the diagonal tension. In 
some cases these bent rods may take all such stresses, and 
vertical stirrups then are not theoretically needed—though they 
are desirable, as shown by tests. 

Plain rods bent up to provide web reinforcement often lack 
sufficient bond strength to render them fully effective. Where 
bent up at a considerable angle they should be turned again 
horizontally and extend some distance along the upper part of 
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the beam, as shown in Fig. 48. In heavy construction the ends 
of all bars should be bent into a hook. The most convenient 
method of using reinforcement is to bend up two rods at a time 
and make all the bars inclined at an angle of 45 degrees with the 
horizontal. The bars bent should theoretically be such as to 
keep the center of gravity of the beam cross-section in the line 
drawn vertically through the center of the section. An excep- 
tion occurs to the bending of two rods at a time, in the case of 
an odd number of horizontal rods. Here, one of the bends may 
consist of either one or three rods. 

If bent rods are not required to provide for diagonal tension, 
then the horizontal rods may be dispensed with at the points, 


| No. 2 Bars | 
No.! Bars. No 3 Bars No.4 Bars 


Center Line 
of Support 


beyond which they are not needed to provide for tension due to 
bending. This method of stopping off the horizontal rods is not 
desirable, however, as the bond in the concrete near the middle 
of the beam is not as good as would be the case near the end 
where the moments are smaller. Also, when a bar is discon- 
tinued, the stress in those which remain is immediately increased 
tending still further to impair the bond between the steel and the 
concrete, This is true whether or not a hook is employed on the 
discontinued rods. With bent up rods a more ideal condition 
exists. The horizontal components of the upturned bars act 
with the bars unbent in taking the tension due to bending, and 


. 
| 
4 
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so the tension in the horizontal rods decreases gradually toward 
the end of beam as it should. 

At the bend in a horizontal rod, the stress is transferred 
gradually to the concrete as compression, and, if the bend is too 
abrupt, the unit stress in the concrete in this vicinity may be- 
come excessive. Theory tends to indicate that a radius of bend 
equal to 12 diameters is satisfactory. Cracks following the line 
of the rod are seldom seen in tests of beams having even sharper 
_ bends in the reinforcement. 

The distance from the support to the point where web rein- 
forcement is not needed is determined in the same manner as for 
vertical stirrups. The bent rods, if of the same diameter, 
should be so arranged that each rod will take an equal part of the 
diagonal tension—that is, if they can be bent in this way and 
still provide satisfactorily for the horizontal tension. If the 
rods cannot be bent at the desired points, vertical stirrups 
must be used to provide for the diagonal tension either toward 
the center, or toward the end of the beam. 

First of all, we shall assume that the rods can be bent up con- 
veniently to provide for all the diagonal tension. Consider 
uniform loading. The maximum shear V should be calculated 
at the support, point D, Fig. 48. One-third of V will be taken 
by the concrete and two-thirds by the bent bars. Point A should 
also be determined—namely, the point where the web reinforce- 
ment is not needed. From this point to the left support, the 
shear to be taken by the bent bars may, with sufficient accuracy, 
considering our knowledge of the subject, be represented by 
the triangle ABC. To construct this triangle draw a line AB 
from point A at 45 degrees with the horizontal, and from point 
D draw a line DB perpendicular to the line AB. Then con- 


sider the maximum shear per inch length of beam to be rep- 
resented by BC; in other words, BC = 2/3vb = ar Now, 
suppose we intend to bend two rods at a time and to bend in all 
8 rods, all of the same diameter. Then each of them will take an 
equal part of the diagonal tension. Divide the area of the tri- 
angle into four equal parts, find centers of gravity of each part, 
and from these centers of gravity draw lines to represent the 
location of points to bend up the bars in the beam. The method 
of division of the triangle into an equal number of parts is clearly 
shown in the drawing, where the line AB is divided into equal 
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parts and dotted arcs of circles are drawn with centers at Takata 

The reason for projecting the neutral axis AD upon a plane 
making 45 degrees with the horizontal may need some explana- 
tion. Our formula for the required total area of steel in each 


bend is 
Be NOVAS: 


8 ata 
Hence the sum of the stresses in the inclined bars at each bend 
is given by the following formula 


as 


2 0.7Vs 
Asfs= 3° re jd 
: V(atD 2 V(atE 
But any ordinate as BC= .. = ). Also, Se a = ), 


and Br=0.7s. Then, the 

EEC ye=> V(at Re Fears 
(the bars being practically half way between x and B), and 
represents the sum of the stresses in the No. 1 bars. Similarly, 
the area ryy’x’ represents the sum of the stresses in the No. 2 bars. 

In practice the line AC need not be drawn. For example, no 
matter what angle the line AC makes with the line AB, the 
points 1, 2, 3, and 4 will be the same; the points 1, 2, and 3 will 
remain practically half way between B and 2, x and 2’, and 2’ 
and x’, respectively, while A4 will remain as 2/3 Ax”. 

The bond strength in these inclined bars must now be in- 
vestigated. This strength should be provided in the upper 
portion of the beam. As with vertical stirrups, we shall arbitra- 
rily assume that no stress is transmitted from the steel to the 
concrete below a point which is 0.6 d below the upper surface of 
the beam. 

We will assume that the stress in an inclined bar is its working 
stress. This gives the maximum condition. Using the notation 
of the preceding article and I’ for length, 


'ou = af, 
and for round or square bars, 
of ; 
Vue or Pe Is diameters. 
1 4u 


1 From Taylor and Thompson's “Concrete Plain and Reinforced.” 

2 If the diagonal tension area is assumed to be a trapezoid (see Fig. 47), the method would 
be as follows considering CBN M to be the trapezoid in question and A’ the point where 
web reinforcement is not needed: Extend lines CM and BN to an intersection at A 
and determine the point P by the arc NR and the perpendicular RP. Divide the line BP 
into the required number of equal parts (three shown in the figure) and proceed as in the 
triangle method by erecting perpendiculars and drawing dotted ares of circles. 


_ 
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The following table gives the values of de for different working 


values of tension and bond, as developed by Messrs. Taylor and 
Thompson in ‘Concrete, Plain and Reinforced.’’! 


Allowable unit bond 
stress in pounds per 
square inch (u) 


Allowable unit tension in inclined bar, 
in pounds per square inch (f,) 


12,000 | 14,000 15,000 16,000 20,000 


a 


80 : 37 4h 47 50 62 
100 30 35 38 40 50 
120 25 29 31 33 41 
150 | 20 23 25 27 - 33 


The length of embedment may be obtained by multiplying 
the value selected from this table by the diameter of the bar. 

The bond of deformed bars may be figured the same as the 
bond of plain bars except using for their diameter, the diameter 
of a cylinder based on the longest projections—that is, of a 
cylinder which would be sheared out by the deformed bar. 
For smooth metal of the nature of tool steel not over 40 lb. per 
square inch should be permitted for allowable bond ‘strength. 
Flat steel should be given a similarly low value per square inch. 

If the allowable f, =16,000 lb. per square inch and the allow- 
able w=80 lb. per square inch, then I’ (as shown at No. 4 bars in 
Fig. 48) should equal 50 diameters by the above table. Suppose 
a deformed bar is used with w =150 lb. per square inch. The 
length J’ should then equal 27 diameters, or 1 ft. 8 1/4 in. for a 
3/4 in. rod. Hooks should be provided at the ends of the bars 
to provide additional safety. 

44. Vertical Stirrups and Bent Rods Combined.—Usually the 
diagonal tension in a simply supported beam of rectangular 
section can all be provided for by bent up rods and the theoretical 
combination of stirrups with bent up rods need not be con- 
sidered. This combination, however, is a common one in 
T-beam design and may just as well be treated at this time. 

Consider uniform loading and, in Fig. 49, let ABC be the 
diagonal tension triangle. Assume that four rods may be bent 
near the end of beam, but not so that they can take any diagonal 


1 From Taylor and Thompson’s ‘‘Concrete, Plain and Reinforced,” 2nd edition, page 454. 
Copyright, 1905, 1909, by Frederick W. Taylor- 
8 
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tension near to the point A. It will be considered feasible that 
the bent rods should be placed to take as much diagonal tension 
as possible from D toward A. The area BCEF should be made 
equal to the allowable tensile stress in the two No. 1 bars; likewise 
area HFGH should represent the tensile strength of the two 
No. 2 bars. This would not be true, however, if the distance s 
should turn out to be greater than 3/4d. For such a case, the 
No. 2 bars should be placed the limiting distance from the No. 1 
bars and the area toward the center of beam (representing the 
diagonal tension which the No. 2 bars may be assumed to take 
in that direction) should be made equal to rtGH. Stirrups may 
also be supplied to take the stress between eand A. The spacing 
near the point e would be obtained by the formula 
pa. Seldid 
2 V 
in which V is the total vertical shear at the point where the 


Fig. 49. 


stirrup is placed. It will be well on the safe side to place the first 
stirrup one-half the computed spacing to the right of point e. 
If possible, when bent up rods cannot take all the diagonal 
tension, it would be better design to bend up the rods as far from 
the end of beam as possible so that stirrups may be employed 
toward the end of beam where the diagonal tensile stresses are 
greatly inclined, rather than toward the center of beam as in 
Fig. 49. This method would be followed if the distance a were 
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considerable. Even in the case assumed in Fig. 49, at least one 
stirrup should be employed in this distance, as shown. 

45. Points to Bend Horizontal Reinforcement.—If some of the 
horizontal bars are bent up at a given point to provide for 
diagonal tension, those remaining should have sufficient sectional 
area to carry the tension beyond this point. 


it 
Rite "2 (3X2) 
MM r or R=M it 
4 4 
=M-R 
os = wl w 2-*s) 
way 2 


Center of beam 


In determining the horizontal length of the various bars neces- 
sary to resist the bending moment, the same method, as developed 
by Messrs. Taylor and Thompson in “Concrete, Plain and Rein- 
forced,” may be used as in the design of plate girder flanges. 
Consider uniform loading. 

Let m = number of bars actually required for moment at 

the center of the beam. 
mz = number of these bars to be bent. 
1 = span of beam in feet. 


: Wh ; 
M = maximum moment— in which 


8 
Z, = distance from support to point where m, bars may 
be bent up leaving sufficient steel to carry the 
tension. 

The ratio of stress at the center of the beam to that at the 
point under consideration equals the ratio of moments at these 
points. Thus, if the steel is stressed equally at both points, 

M,,:M =(m—,) (area of one bar) :m/(area of one bar). 
Substituting 


3 From Taylor and Thompson’s ‘‘ Concrete, Plain and Reinforced,” 2nd edition, page 458. 
Copyright, 1905, 1909, by Frederick W. Taylor. 
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and solving for x, (see Fig. 50), we have 


L_= Or <3(1- | 


|? 
For any bending moment M =a 


%4= OF <3(1-, ay 


(the meaning of this formula will be clear after studying Art. 54). 
If it is desired to bend up a number of rods two or more at a 
time, then x, should be determined for each bend. After this is 
done, the remaining horizontal bars should be secure against 
slipping. 
For concentrated and unsymmetrical loading, the maximum 
moments at various sections will need to be determined, in order 


5 vi 
® £ is o 
D5 6 (asa ae ees 
S2e Pio aie 5 0: 
bale ae. cj a O° ot 
2) ov pa oo 
= U ' hs 


to ascertain the points where the horizontal bars may be bent up. 
From these maximum moments obtain the required area of 
horizontal rods at the different points (1, 2, 3, and 4, Fig. 51). 
Plot a curve to scale, as shown. Thus, ab represents the area 
required at the point a. On the center ordinate lay off the 
required areas of the rods, and draw horizontals as shown. The 
rods may be bent up where these horizontals cut the curve but 
it would be better, however, to carry them a short distance 
beyond the theoretical points. 


PROBLEMS 


(Working stresses recommended by the Joint Committee to be used 
throughout.) ; 
33. A simply supported beam of 12 ft. span (c. to c. of supports) and 18 in. 

breadth is to carry a uniform load (live plus dead) of 6000 Ib. per foot 
and rest upon concrete supports. Considering the reactions as uniformly 


ey a an eee Fe 
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distributed over the bearing surface, how far should the beam extend 
beyond the edge of the supports, taking the allowable crushing strength 
of the concrete at 450 lb. per square inch? 

34. In the beam of Problem 33, what is the distance from the left reaction 
to the point beyond which stirrups are unnecessary, assuming the 
moment calculations to give b=18 in. and d= 26 in. 

35. (a) Could four 1-in. plain square bars be used in the beam of Problem 
34? Give reasons. (b) If ten 3/4in. round bars were used, how 
many could be bent up to take diagonal tension? 

36. In the beam of the preceding problems, at what points may the horizontal 
rods be bent up if eight 3/4-in. square rods are used? (Student should 
note that less than eight rods are actually required for moment at 
the center of the beam.) 

37. At what points in the beam of Problem 36 should the horizontal rods 
be bent to provide for the diagonal tension in the best possible manner, 
assuming the resultant reactions 3 in. from the edge of supports (ends 
of beam 6 in. from edge)? Submit sketch neatly drawn. 

38. In Problem 36 if the horizontal bars were run straight to the end of 
beam what size and spacing of vertical stirrups would be required to 
provide thoroughly for diagonal tension? Employ double-looped, 
square stirrups. Graphical work to be submitted. 

39. (a) What should be the grip of the inclined rods of Problem 37 consider- 
ing the rods stressed in tension to the allowable value of 16,000 Ib. per 
square inch? (b) What should be the grip of these rods for the stress 
they are actually called upon to withstand? 


46. Transverse Spacing of Reinforcement.—The amount of 
concrete between the horizontal bars in a beam should be suffi- 
cient to transmit to the upper part of the beam the stress which 
the bars give over to the concrete below 
them; in other words, the shearing stress 
along ab, Fig. 52, should equal the amount 
of stress transmitted by bond along bed. 
If bond and shearing strengths were equal, 


ab should equal bcd, and the clear space be- 
3.1416 


2 
1.57 diameters. But shearing strength Pia. 82: 


here employed is controlled by the diagonal 


“ 120 3 : 
tension and is approximately 0 = 3 the bond stress, using the 


diameters = 


tween bars should be 


values recommended by the Joint Committee. Hence, ab should 
be (2/3) (1.57) diameters = 1.05 diameters. That is, the mini- 
mum net distance in the clear between rods is approximately 
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equal to the diameter of the rod. There is likely to be more or 
less tension in the concrete surrounding the rods and, besides, 
since the concrete is not éasily placed between the rods, it may 
have a lower strength in that vicinity. A clear spacing of 11/2 
diameters is advisable unless it is determined by computation 
that the bond stress is very much lower than the bond strength 
allowed. In the above discussion plain rods only have been 
considered. Deformed bars, if stressed to their full bond value, 
should be spaced farther apart than plain bars. 

For a beam uniformly loaded, the bond stress near the center 
of the beam is low and the bars may be placed as closely together 
as the proper placing of the concrete between them will permit. 
Near the end of beam the bond stress should be calculated if it is 
desired to space the rods so as to obtain the minimum width of 
beam possible. In beams having the horizontal rods bent up, 
the bond stress at the bending points should be considered. 
This stress may be less than the maximum and, if so, the corre- 
sponding spacing may be made less than 1 1/2 diameters in the 
clear. With rods bent up, more liberal spacing can readily be 
made toward the end of beam. 

The Joint Committee recommends that “the lateral spacing 
of parallel bars should not be less than 2 1/2 diameters,! center to 
center, nor should the distance from the side of the beam to the 
center of the nearest bar be less than 2 diameters.”’ In order 
that concrete may be readily placed between the rods and also 
give sufficient concrete on the sides of the beam for fire protection, 
it is also advisable to require that the spacing of rods be not less 
than 1 in. in the clear (if the maximum size of aggregate does not 
exceed 1 in.) and that 1 in. in the clear be also considered the 
minimum distance of the rods from the sides of the beam. Thus, 
the least width of beam should be the greater of the two values 
determined from the following formulas: 


b=[2.5(n—1) +4]d, 
b=a,g(n+1)+nd, 
in which b=least width of beam. 
d,=thickness of the rods. 
n=maximum number of rods which occurs in a hori- 
zontal layer. 
a@g=maximum size of aggregate in inches. 


It should be clear that, for a 1-in. maximum aggregate, the width 


1 Spacing recommended in first report of Joint Committee and adopted throughout in 


this text. A lateral spacing of 3 diameters is recommended in final report of the Com- 
mittee, 
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of beam for all rods greater than 5/8 in. in diameter will be 
governed by the first formula and for 5/8-in. rods and less, by 
the second formula. 

Where two layers of rods are used, there is less danger of 
vertical than of horizontal splitting so that usually the rods may 
be placed directly over each other, providing merely sufficient 
space for the mortar to run between them. The Joint Com- 
mittee specifies a limiting clear space of 1 in. 

47. Depth of Concrete Below Rods.—Prof. Charles L. Norton 
of the Insurance Engineering Experiment Station has made a 
careful study of the thickness of concrete which is essential to 
thoroughly protect embedded steel from the direct action of 
flames, and recommends 2 in. for maximum conditions. An 
excessive thickness of concrete, however, adds to the danger of 
cracking, because the tension in the concrete increases with the 
depth below the steel and with but slight corresponding gain 
in strength to the beam. Also, flat slabs are found to be affected 
to a less depth than projecting members such as beams and 
columns. The Joint Committee suggests that ‘the metal in 
girders and columns be protected by a minimum of 2 in. of con- 
crete; that the metal in beams be protected by a minimum of. 
11/2 in. of concrete; and that the metal in floor slabs be pro- 
tected by a minimum of 1 in. of concrete.” 

The following depths of concrete below the steel may be em- 
ployed under ordinary conditions, but wherever conditions are 
especially hazardous, the recommendations of the Joint Com- 
mittee should be followed: 


SLABS 

Depth to steel (d) Depth below center of steel 
Bi Gene taaven (ive! whe con Ata Coen } in. 
Between 3} in. and 43 in........... 17 in: 
AZ W_-ANG OVET.... 206022 nsec eee e's 1} in. 

BEAMS AND GIRDERS 

Depth to steel (d) Depth in the clear below steel 
AO ntre PANG UNCED stapes aes 5 rst 4 WL sho, 
Between 10 i. and 20 in............. 14 in. 
PADI Ges bonita aci cece nS eee 2 in. 


48. Ratio of Length to Depth of Beam for Equal Strength in 
Moment and Shear.—With given working stresses in concrete 
and steel, there is a definite ratio of length to depth of beam 
which will give equal strength in moment and shear. Let us 
first consider beams simply supported. 
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In the case of a single concentrated load at the center of span, 
the shear V, due to a given load W, is 1/2W, and the moment M 
is 1/4Wl. Hence, 

4M 


W=2V=—— 


But from preceding formulas, we have V = v’bjd and M,=pf-jbd’, 
in which v’ = allowable shearing stress and f, = working stress 
in steel. Substituting, we have 


4, 3 2 
ov bjd = Le : = 


from which 
l 2f sp 


d v 
For a uniformly distributed load, a similar process gives the ratio 
L  Afsp 


Lee 
For beams loaded with equal loads at the third points, 
L 3f.p 


ad +o 
Taking for example, v’=40 lb. per square inch, f;=16,000, 
fc =650, n=15, and, using an average value of 7/8 for 7, we have 


the following ratios for —: 


d 
For concentrated load at center of span................ La 6.16 
Hox uniformlys distributed loaditmucc ase see e eee 5=12.32 
l 


For equal loads at the third points 


It should be clear that the strength of beams of greater relative 
length than obtained by the formulas will bé determined by 
their moment of resistance, while that of shorter beams by their 
shearing resistance. 

In the case of continuous beams the above formulas will apply 
if is taken as the length between points of inflection. It is often 
convenient to know the extreme limit in design. The Joint 
Committee recommends 120 lb. per square inch for the shearing 
strength of concrete when adequately reinforced against diagonal 
tension. This is a low figure but is adopted in order to prevent 
any likelihood of cracks opening up in the concrete. Suppose 


then, it is required to know the minimum value of ; for a given 
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beam, uniformly loaded. Our formula readily gives us the 
result, using the working stresses given above. 


l__ (4)(16,000)(0.0077) 
ad 120 


=4.11 


At the same time that the ratio of length to depth is being 
investigated for moment and shear, there are other conditions 
which must be considered. For instance, the ratio of length to 
breadth of beam should not exceed a value of about 25 if the 
beam is not supported laterally. The reason for this is found in 
the fact that the upper part of the beam is a column, and to 
prevent additional stress due to side bending the length should 
not exceed about 25 times the width. On the other hand, the 
best shaped beam is one in which 6 lies between 1/2d and 3/4d. 
In any given case, to satisfy all requirements and arrive at a 
satisfactory design, two or three trials may be required. 

49. Notation.—The notation used in this course in the design 
of rectangular reinforced concrete beams is summarized as 
follows: 

fc = unit compressive stress in outside fiber of concrete. 
fs = unit tensile stress in steel. 
n = ratio of modulus of elasticity of steel in tension to 
modulus of elasticity of concrete in compression. 
a; = area of cross-section of steel. 
b = breadth of beam. 
d = distance from compression surface to axis of rein- 
forcement. 
M, = resisting moment as determined by concrete. 
M, = resisting moment as determined by steel. 
M = bending moment or resisting moment in general. 
p = steel ratio= > 
k = ratio of depth of neutral axis to depth of steel. 
j = ratio of lever arm of resisting couple to depth of steel. 
V = total shear. 
» = unit shear. 
v = unit working shear. 


V ; 
Dla as average unit shear. 


u = unit bond. 
o = circumference of one bar, 
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S, = total circumference of bars. 
s = horizontal spacing of stirrups. 
7 = diameter of stirrup bar. 
w = uniform load in pounds per foot. 
1 = span of beam in feet. 
at, = distance in feet from support to point beyond which 
stirrups are unnecessary. 
V’ = required length of bent bars for bond strength (above 
a point 0.6d from upper surface of beam). 
Z, = distance from support to point where m, bars may 
be bent up leaving sufficient steel to carry the tension. 
m = number of bars actually required for moment at 
center of beam. 
m2 = number of these bars to be bent. 


50. Formulas.—For convenience in working the problems 
which follow, the formulas which apply to rectangular reinforced 
cencrete beams will be re-stated. 


MoMENT 
i a 1/2 
P=5, fs 
bd 
e 2 (B+ 1) 
k=V/ 2pn+(pn)?—pn. j=1-1/3k 
: 2M 2M 
M =1 2 ok = 2=—__, OO ae rem 
e / i} jbd ? or bd TF kj Ol f kyjbd? 
‘ M M 
M,=pf;jbd?, or bd? = —— - f, = 
s=pfsjbd’, or bd es orf, = 
foe 


Note.—If a beam is over-reinforced, its resisting moment 
depends on M,, and if under-reinforced on M,. If it is desired 
to find the fiber stresses in concrete and steel for a beam already 
designed [with an amount of steel differing from the amount 

1/2 
ts (4 
fe 
eae Ofsp 
rd and f, = kibd a (or fe= “ae should be used, where J is 


the external ering moment in each case, Fora given external 


determined by the formula p= 


the formulas f; 


4 


\ ‘a 
i ch hi i al Mel Beh il lel ed i i ae | 


ee er a 


-—w rr Tee re | 
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: 2M M 
M, either bd? = fils or at may be used to determine 
aoe ie when the p used is obtained from the formula 
2 
0 a 
ts (fo 
te (; s 1) 
SHEAR 
ig V 
bid A a 
Bonp 
V 
"= Foil 
VERTICAL STIRRUPS 
pa bashed r Ea Vs _l_ vbjd 
2V ae Oe 1 OS 
‘ (uniform loading only) 
i= 2d d (see table) 
INCLINED Rops 
pals diameters (see table) 2,= or ee ee ee! 
4u 2 m 
(uniform loading only) 
_ 3def jd pie. ULL Ss aan A, 
alee 4V ds=3 gare (45 degrees inclination) 


Note—Throughout the following illustrative problems, those working 
stresses will be used which have been recommended by the Joint Committee 
for a 2000 Ib. concrete. Allowable stress in the steel will be taken at 16,000 
lb. per square inch. The beams are assumed to be simply supported and to 
rest upon concrete supports. Slide rule will be used wherever possible. 


Illustrative Problem.—Design a beam to span 40 ft. and to support 600 
lb. per foot (including weight of beam). The breadth and depth may be 
varied at will as far as the conditions of design are concerned, the only con- 
dition being that the beam must have the required strength. 

1/2 
P™ 16,000 ( 16,000 ee 
650 \15x650* ) 
k=~/(2) (0.0077) (15) + (0.0077) 2(15)?— (0.0077) (15) =0.378 
j=1-1/3 (0.378) =0.874 
_ wl? _ (600) (40) (40) (12) 
270 8 
wee 1,440,000 
~ pfs} (0.0077) (16,000) (0.874) 


=1,440,000 in.-Ib. 


bd? =13,400 
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If necessary to prevent side bending (not a rigid condition, since a beam is 
not similar to a column in all respects) 


eu Or. 25, OU = Ore 19mm 
In the best shaped beam 6 lies between 
1/2 d and 3/4 d. 
Assume b=18 in. 
13,400 
ee , 
La 18 


=745, or d=27.3 in., say 27 1/2 in. 


Vo =75 = ee es = 24 Ib. per square inch. 


Web reinforcement is not theoretically needed and we will take 6=18 in. 
and d=271/2in. Area of cross-section, bd = (18) (27.5) =495 sq. in. ° 

as = (495)(0.0077) =3:81 sq. in. 
We shall select four 1 1/8-in. round rods=3.98 sq.in. (See following table.) 


Round rods Square rods 

Area Weight Area | Weight 

Size square Perimeter per foot Square Perimeter per foot 
inches inches inches pounds inches inches pounds 
3 -0491 .785 17 -0625 1.000 ak 
Ys .0767 - 982 26 .0977 1.25 .33 
$ .1104 L148 .38 1406 1.50 48 
Ys .1503 1.374 -51 1914 L375 .65 
-1963 eek .67 2500 2.00 .85 

te . 2485 1.767 85 3164 2.25 1.08 
§ . 3068 1.964 1.04 3906 2.50 1.33 
i .3712 2.160 1.26 4727 2.75 1.61 
q 4418 2.356 1.50 -5625 3.00 1.91 
13 .5185 2.553 1.76 6602 3.25 2.25 
k .6013 2.749 2.04 - 7656 3.50 2.60 
+ .6903 2.945 2.35 .8789 3.75 2.99 
1 «7854 3.142 2.67 | 1.0000 4.00 3.40 
1k .9940 3.534 3.38 1.2656 4.50 4.30 
1} 1.2272 3.927 4.17 1.5625 5.00 5.31 
1} 1.4849 4.320 5.05 1.8906 5.50 6.43 
1} dye | 4.712 6.01 2.2500 6.00 7.65 


The spacing adopted is shown in Fig. 58. The maximum 
Vv 12,000 : 
Te ¥ojd~ (8.534) (7/8) 27.5) =35 lb. per square inch. 
Hooks will be provided at the ends of the rods for additional safety. Spac- 


ing of bars is greater than necessary. Depth of concrete below the rods is 
practically 2 in. 


12,000(2) 


Minimum distance from the end of beam to edge of support is (18) (450) = 
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8.0 in., allowing 100 per cent for unequal distribution of the reactions over 
the bearing surface. A practical limit is about 6 in. on concrete supports. 

Let us now review the beam we have designed. It is not necessary todo 
this unless the values of bd? and as are made considerably different than the 


7 


B Dag a dele pope 


2 


\ posses ss aye 
is. rOUNC _-F:- 


rods 


peeide te ederss 44 (hence eee 


*. 
- : 
i) 
tt 


calculated values.. The method will be shown here, however, for the 
benefit of the student. 


ag 3.98 


P= 5 5= Gos — 0.0080 
k =~/ (2) (0.0080) (15) + (0.0080)? (15)?— (0.0080) (15) 
=0.384 
j=1—1/3(0.384) =0.872 
1,440,000 


fe= .98) (0.872)(27.5) =15,100 lb. per square inch. 


_ (2) (15, 100) (0.0080) 
fe= 0.384 

In long beams, it frequently occurs that stock bars are too short to extend 

the full length of the beam. In such cases welding may be resorted to. 

Since the maximum moment is at or near the middle of the span in most 

beams, the welding should be near the ends and not near the middle of the 

beam. This will require two welds instead of one, but welding near the 
section of maximum moment should never be permitted. 


= 630 lb. per square inch. 


Illustrative Problem.—It is not always possible to commence the design 
of a beam with an accurate enough idea of its weight to proceed as in the 
previous problem. The usual way is to make an intelligent guess of the 
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weight, design the beam, compute the weight, and if necessary revise the 
design. Suppose a beam is to span 10 ft. and is to support 600 lb. per foot 
(not including weight). We shall assume the weight of beam at 85 lb. per 
foot. 


p=0.0077 

k=0.378 

j=0.874 
M=“ = Sa = 103,000 in. Ib. 
ee 103,000 oe 


~ (0.0077) (16,000) (0.874) — 
Assume b=7 in. 
960 
pA 
te 7 
We will take b=7 in., and d=111/2in. Thus, web reinforcement will be 
needed. 


=I, OL d= 1 1e7 x0: 


_V _ (685)(5) 
bd (7) (11.5) 
Allowable average shear is 35 lb. per square inch. We shall provide the web 
reinforcement by means of vertical stirrups. Area of cross-section, bd= 
(7) (11.5) =80.5 sq. in. 
as = (80.5) (0.0077) =0.62 sq. in. 
We shall select three 1/2-in. square bars =(8)(0.250) =0.750 sq. in. No 
difficulty will be encountered in the spacing of these bars with a 7-in. width. 
Weight of designed beam per linear foot is (total depth 13 in.) 
13) (150 7) (18) (145 2 
= RH 88 Tie oes Sa (0.85) (3) =94 Ib. 
The assumed and calculated weights are close enough so that the beam need 
not be redesigned. We shall, however, consider the loading as 695 Ib. per 
foot in the following computations. The maximum 
a (5) (695) | 
vS (3) (4) (0.5) (7/8) (1.3) = 58 lb. per square inch. 


The bond stress is satisfactory. 


Vo =43 Ib. per square inch. 


. 


Minimum distance from end of beam to edge of support is Cie =2.2 
in., allowing 100 per cent for unequal distribution of reactions over support- 
ing surface. <A distance of 6 in. will be taken. 
Reviewing the beam we have designed, 
0%6 
P™ (11.5) 
k =0.406 
7=0.865 
fc (695) (10) (10) (12) 
*= (8) (0.75) (0.865) (11.5) 
ie (2) (14,000) (0.0093) 
Pe 8 er Dadi 


0.406 
which is satisfactory. 
t= (0.012) (11.5) =0.188 in. 
We will use U-shaped stirrups bent at the upper end and 1/4-in. round rods 


=0.0093 


=14,000 lb. per square inch, 


= 640 lb. per square inch, 
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may be considered secure against slipping. Stirrups are unnecessary at a 
distance from the center of support equal to 
2 10 (40) (7) (0.865) (11.5) 
Ti 2 695 
=5=—4.0=1.0 ft.=12 in. 
The minimum spacing of stirrups will occur at the supports and will be equal 
to 


ae (3) (2) (0.049) (16,000) (0.865) (11.5) 6.7 in 
~ (2)(5) (695) ios 
The stirrups are needed for such a short distance from each end of the beam 
that two stirrups near the ends will suffice, as shown in Fig. 54. 
Perhaps we may be able to provide web reinforcement by means of bent 
up rods. Let us investigate. 
The total stress to be taken by the inclined rods is represented by the 


Center Line of Support 


‘ UW ait Baas e/ 
i 5tia"| | 


Fie. 54. 


triangle ABC, Fig. 55. BC represents two-thirds of the horizontal shear 
at the support per I-in. length of beam. 
BC—2 _Vb_2V_2, _(695)(5) 
3 bjd 3 7d 3 (0.865)(11.5) 
r= (0.7) (AD) = (0.7) (12) =8.4 in. 
Hence total stress to be taken by the rods 
gh) —980 lb. 
But the area of one rod multiplied by 16,000 gives its tensile value, or 
tensile value of one rod = (0.250) (16,000) =4000 lb. 
Thus, only one bent up rod is required. For the two straight rods the 
maximum bond stress 
= (695) (5) 
~ @)@)0.5)(7/8) 01.5) 


t= or< 3 I-V 173) == 12 ft. 


= 233 Ib. 


=FE() = 


U 


=86 lb. per square inch, which is satis- 


factory. 
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The distance from the support to the point where web reinforcement is 
unnecessary is only 12 in. The rod can thus be bent up at the required 
place between these two points. Fig. 55 shows the construction necessary 
to locate the place where the rod should be bent. _If the inclined rod received 
a stress of 16,000, the length J’ should equal 50 diameters (from table) or 


V =(50) (1/2) =25 in. 
but this rod receives only 


sae = 3920 lb. per square inch. 
and the length J’ necessary is 
; 3920 : 

Zw = ayeoy 1/2=8 1/4 in. 


In this case this length can easily be obtained. 
It should be clear from the sketch that, if a greater length than about 
9 in. were required for J’, some kind of anchorage at the end of rod should be 


Nut.” 
and washer 


Fra. 55. 


provided. A possible method would be to use a large nut and washer on the 
end of the rod, as shown. ‘This would perhaps give sufficient bond but the 
work of construction would be troublesome. A hook as shown at the end 
of the horizontal bars is generally considered more satisfactory. 

Tests seem to indicate (Art. 39) that too much reliance should not be 
placed upon one or two bent rods. For this reason, in the preceding prob- 
lem it would be good design to use also the two stirrups as shown. 


Illustrative Problem.—Design a beam to span 10 ft. and to support a load 
of 4900 Ib. per foot (not including weight). We shall assume the weight of 
beam at 400 lb. per foot. 

p =0.0077 
k =0.378 
7 =0.874 
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_ wl? _ (5300) (10) (10) (12) 
aie 8 


M = 795,000 in.-Ib. 


z 795,000 
~ (0.0077) (16,000) (0.874) 
Assume 6=14 in. 
a= 0 _ 597, or d=23 in, 
We shall take b=14 in., and d=23 in. 
», -¥, - (6300)(6) 
° bd (14) (23) 
Thus web reinforcement is needed. Area of cross-section, bd = (14) (23) = 
322 sq. in. 
a; = (822) (0.0077) =2.48 sq. in. 
We shall select ten 9/16-in. round rods =2.485 sq. in. If all the rods 
extended straight to end of beam, the maximum bond would be 
(26,500) 
(77) (10)(7/8) 23) 
The spacing of the rods is shown in Fig. 56. Weight of designed beam per 
linear foot is 
(26) (14) (150) 
(12)(12) 


bd? =7380. . 


=82 lb. per square inch. (Allowable 35.) 


u =74.5 lb. per square inch. 


(26) (14) (145) 


=379 lb., or (12)(12) 


+ (0.85) (10) =375 Ib. 


(5280) (5) (1.5) 
(14) (450) 
6.3 in., allowing 50 per cent for unequal distribution of reactions over bearing 
surface. A distance of 6 in. will be taken. 
Reviewing the beam we have designed, 
___(6280)(10) (10)(12) 
Se (8) (2.485) (0.874) (23) 
_(2)(15,800) (0.0077) 
Se= 0.378 
which is perfectly satisfactory. 
Web reinforcement is unnecessary at a distance from support 
(40) (14) (0.874) (23) 
5280 
=5—2.13 =2.87 ft. or 34.4 in. 
If inclined rods are employed, the total stress to be taken is represented by 
triangle ABC, Fig. 57. BC represents two-thirds of the horizontal shear 
at the support per 1 in. length of beam. 


2 Vb_.,_ (5278) (5) 

ae 7 0.874 (23) 
r= (0.7) (AD) = (0.7) (34.4) = 24.1 in. 

Hence total stress to be taken by the rods 


= FE (9) =F27 (04.1) = 10,600 Ib. 


Minimum distance from end of beam to edge of support is 


= 15,800 lb. per square inch. 


= 647 lb. per square inch. 


1 


SS 
os 


=877 lb. 


But the area of one rod multiplied by 16,000 gives its tensile value, or tensile 
value of one rod =(0.2485) (16,000) =3980 lb. Thus, only three rods are 
9 
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required if they can be bent up at the proper points. The unit bond along 
the seven rods at end of beam will be but 33 per cent greater than the 
allowable, which seems reasonable for a beam with this number of rods bent 
up in two planes. 

The rods may be bent up in the following order. 


%,= or << ¥ (1-0) (12) =41 in. 


29— 00 <3 (t-vVi) (12) = 27 1 in. 


Fig. 57 shows the construction necessary to locate the points where the rods 
may be bent. The drawing shows that the rods can be bent at the desired 
points to take all the diagonal tension and also that the longitudinal spacing 


Fie. 56. 


of these rods does not exceed three-fourths the depth of the beam. The 
length U’ should equal nearly 50 diameters (from table) or 


V = (50) (9/16) =28 in 


This length cannot be obtained with the bars bent up nearest the support. 
These bars will be provided with a hook as shown. It would be good design 
to add one or two stirrups, as shown, to aid diagonal tension at the end of 
beam where the stresses have a greater inclination with the horizontal. 

If stirrups were employed, their diameter and spacing would be deter- 
mined by the method of Art. 42, 
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Where web reinforcement is used, it is a good plan to require the rods to 
be made up into frames and have them placed in the forms as such. If loose 
rods must be used, the reinforcing elements should be wired together to 
insure their being in place. A good plan is to have the main bars held in 
place by metal spacers. 


Illustrative Problem.—Design a beam to span 15 ft. and to support the 
loads shown in Fig. 58. The reactions are readily found and are given in the 
sketch. The maximum moment occurs at the center load since the shear 
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Center of beam 
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passes through the value zero at this point. We shall assume the weight 
of beam included in the uniform load of 1000 lb. per foot. 


M =(25,500)(8) (12) — (23,000) (4) (12) =1,344,000 in. Ib. 
1,344,000 
= aka ~ 12,500. 
bd*="(6.0077) (16,000) (0.874) 1” 


Assume b=16 in. 
12500 


d? = =782, or d=28 in. 
We shall take b=16 in., and d=28 in. 
Vie 25,500 


Vo= pa (16) (28) = 57 lb. per square inch, 
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Thus web reinforcement is needed. ' 
a, = (16) (28) (0.0077) =3.45 sq. in. 
We shall select eight 3/4-in. round rods=3.53 sq. in. Bond for one rod at 
the left end of beam is 
____ 25,500 
“= 356) (7/8) (28) 


For plain rods, the number which must extend straight to the left end of 
beam is 


=443 Ib. per square inch. 


1, 
(1.5)(80)  * (See page 73.) 


Thus, at this end of beam four rods may be bent up. Ina similar manner it 
will be found that four rods may be bent up at the right end. 


15000" 


Uniform load - i00c* including 
weight of beam 


Fras. 58, 59. 


The concrete will be found to take care of any diagonal tension between 
the concentrated loads. Horizontal shear (which measures diagonal tension) 
at the support is 

V __25,500_ 
jd (7/8)(28) 
and to the left of the adjacent concentrated load, it is 


21,500 

(7/8) (28) 
The total diagonal tension is represented by a trapezoid (Fig. 59), the 
parallel sides of which are 1040 Ib. and 880 Ib. and the length 4 ft. Hence, 


= 1040 lb. per linear inch. 


= 880 lb. per linear inch. 
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total stress in this part of beam to be taken by the concrete and by the web 


reinforcement is 
1040-4 880-4 19 46,080 Ih, 


One-third of the shear, or 15,360 lb., is assumed to be taken by the concrete, 
hence the amount to be taken by the web reinforcement is 30,720 lb. 


15000 Ib. 15000 |b 
concentrated load concentrated load 


iG 

Yo,“ representing 
sy diagonal tension 
x sap ate for by 


one rod 
>B 


wo 
Ww, 
& wa 
ai 
SY 
ff A 
o = 
WwW 


“Moment curve showing 
where rods may be bent up 


Fies. 60, 61. 


Since four rods are to be bent, their comparative tensile value is 
SO EEO ~40,400 lb. 
Thus, the tensile value of the rods is in excess of the stress to be provided for. 
Now shear is nearly uniform between the support and the adjacent 
concentrated load and, as regards diagonal tension, it would be sufficiently 
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accurate to give nearly equal spacing to the inclined rods—closer spacing, 
however, being favored toward the support. The four rods will be bent up 
two at a time. To investigate for diagonal tension, the line AB, Fig. 60, 
should be divided into four equal spaces and the position of two of the rods 
determined by a line projected up at an inclination of 45 degrees with the 
horizontal, and beginning at about the point marked 1. The place to bend 
up the other two rods should be determined by a parallel line passing prac- 
tically through the point 3. The points to bend up the rods between the 
right support and the adjacent concentrated load, to provide for diagonal 
tension, is determined in a similar manner to the above. 

An investigation must now be made to see whether the tensile stresses in 
the bottom of the beam will permit the bending of the rods as required for 
diagonal tension. Fig. 61 shows the bending moment curve plotted to 
scale, and the points where the rods may be bent up are determined by the 


method described in Art. 45. It is clear that the rods cannot be bent up as. 


desired to provide tho oughly for diagonal tension. The points where the 
rods are actually bent up are about 2 in. beyond the theoretical points as 
determined by moment. 

The area ABNM, Fig. 60, represents the amount of diagonal tension to 
be taken by inclined rods. We have just found, however, that the rods 
cannot be bent up at just the proper points to take all of this. If each 
bent-up rod is assumed to take diagonal tension to the amount of one-half 
its tensile value on each side of itself, then the area bB Nc remains unprovided 
for.. Stirrups will be provided to take diagonal tension between the*point 
t, where the line bec produced meets the neutral line, and the adjacent load. 
Only two stirrups are required, but it would seem advisable in a design of this 
kind to also place stirrups at the positions indicated by the dotted lines. 
The spacing of the stirrups is determined by the formula 

___ 8asfsjd 

ec eee 
and the student should be familiar with the method of procedure. The 
length of embedment of the inclined rods should be 50 diameters, or 
37 1/2 in, 

In the above problem the web reinforcement could be designed to take 
considerably less than 2/3 the diagonal tension with safety. The bent-up 
rods would not change but the number of stirrups theoretically required 
might be reduced. In a problem of this kind is found the maximum 


deviation from the assumption of Art. 41 pertaining to the coefficient 2/3 
in the formulas for the design of web reinforcement. 


51. Deflection of Beams.—Very little has been accomplished 
with respect to the determination of formulas for the deflection 
of reinforced concrete beams. The difficulty which has been 
experienced has been due to the fact that the beam action is 
complicated as far as it pertains to deflection. During the early 
loading, the concrete assists the steel in taking tension and the 


i 
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deflection is quite uniform during this period. But as the 
concrete fails in tension near the center of the beam, there occurs 
a second or readjusting stage: the steel carries more and more 
of the tensile stresses and the deflection diagram is a curve. 
From this point on till the steel reaches its yield point, the de- 
flection is again quite uniform. Since deflection depends on the 
stress at all sections, the deflection formulas for homogeneous 
beams cannot be used for reinforced concrete without modifica- 
tion because of the variable action of the concrete in tension 
throughout the length of the beam. 

Fig. 62 gives the general form of a deflection diagram for a 
reinforced concrete beam. The portion AB shows the deflection 
before the concrete has begun to fail in tension, BC shows the 
deflection during the readjusting stage, and 
CD the deflection with the steel near the D 
center of beam carrying practically all the 
tension. 

The deflection formulas presented in ‘‘Prin- 
ciples of Reinforced Concrete Construction” 
by Turneaure and Maurer yield results in fair 
‘agreement with actual measured deflections 
and undoubtedly are the best so far proposed. 
These formulas have been obtained semi- 
rationally from the deflection formulas for 
homogeneous beams and thus assume the 
material of the beam to obey Hooke’s law (stress is proportional 
to deformation). Concrete in compression obeys the law very 
closely up to working stresses, but for concrete in tension the 
assumption is far from the actual conditions. Since tension in 
the concrete is considered in the above mentioned deflection 
formulas, the assumption of a linear stress-deformation relation, 
which is made for simplicity, should be regarded as a rough ap- 
proximation. 

The modulus of elasticity of the concrete in the type of formulas 
mentioned above should be taken as about the average or secant 
modulus up to the working compressive stress in the same. 
Although initial moduli of concrete for compression and tension 
are nearly equal, the deflection of a beam depends on the elonga- 
tions and shortenings of all the fibers, and hence not upon the 
initial modulus but on some sort of a mean value. The resulting 
value of n should also be governed by the value as chosen from 


Load 


> 


Deflection 
Fia. 62. 
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experiments on actual deflection, so that this term becomes to 
some extent a sort of empirical coefficient-making correction for 
various errors in the deduction of the deflection formulas. 

Turneaure and Maurer! recommend that 8 to 10 be used for n 
in the formulas which they have derived, and which are given 
below. They also state that the formulas presented are the 
result of modifying the deflection formulas for homogeneous 
beams in accordance with the following assumptions: 


1. The representative or mean section has a depth equal to the 
distance from the top of the beam to the center of the steel. 

2. It sustains tension as well as compression, both following 
the linear law. 

3. The proper mean modulus of elasticity of the concrete equals 
the average or secant modulus up to the working com- 
pressive stress. 

4, The allowance for steel in computing the moment of inertia 
of the mean section should be based on the amount of steel 
in the mid-sections, since stirrups and bent-up rods do not 
affect stiffness materially for working loads. 

The following are the deflection formulas for rectangular rein- 

forced concrete beams: 


pore We ae 

ie ba® @ i () 
a=1/3[k?+(1—k)3+3np(1—k)?] (2) 
_14+2np 

~ 2+2np (3) 


From equations (2) and (3), the value of @ for any values of p 
and n may be computed, and then the deflection from equation 
(1). The notation employed in the above formulas is as follows: 


D = maximum deflection (if desired in inches, the units 
_ specified below should be used). 
b = breadth of the beam (inches). 
d = depth of the beam to the center of the steel (inches). 
W = total load (pounds). 


1 = span (inches). 
p = steel ratio. 
EL, = modulus of elasticity of the reinforcing steel (pounds 


per square inch). 


n = ratio of the moduli of elasticity of steel and concrete. 


1In Turneaure and Maurer’s “Principles of Reinforced Concrete Construction,” 2nd 
edition, pages 116 to 123, 
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a = a numerical coefficient depending on p and n. 
k = proportionate depth of the neutral axis. 


c, = the numerical coefficient in the formula for deflec- 
718 
tion of homogeneous beams, Crap’ depending on 


the loading and support. For example, 


for a cantilever loaded at the end, a=5 
for a cantilever uniformly loaded, c, =; 
1 


for a simple beam loaded at center, c, are 


for a simple beam uniformly loaded, ¢, 


for a beam with fixed ends, load at the 


1 
center, 1=I99 
for a beam with fixed ends, uniformly 
: 1 
loaded, 1-304 


The following are the deflection formulas for reinforced concrete 
T-beams (referred to later): 


Bee 
B=1/3[k3— (-Z)(# Es f) FEA Bt + 3pm —B)4 


in which ? is a coefficient depending upon the steel ratio and n, 
and other symbols as before. 


Illustrative Problem.—A rectangular reinforced concrete beam with b=18 
in. and d=27 1/2 in. has a span of 40 ft. and is reinforced with four 1 1/8 
in. round rods (and stirrups) extending along the whole length. What is 
its probable deflection when sustaining a uniform load of 600 lb. per foot, 


128 REINFORCED CONCRETE CONSTRUCTION 


including its own weight, if the beam is considered as simply supported? 
A value of 8 will be taken for n. 


_1+2np_ 1+ 2)(8)(0.008) _ 9 599 
2+2np 2+ (2)(8)(0.008) 


a =0.098 
D 


5 _ (24,000) (480)? 8 
~ (384) (80,000,000) ~~ (18)@7.5)? 0.098 


=(0.25 in. 


52. Economical Proportions.—In the designing of a reinforced 
concrete beam, the expression bd? appears. If one of the dimen- 
sions represented in this expression is assumed, then the other 
is also determined. Now the cost of a beam to resist a given 
bending moment will vary with the proportions adopted for 
breadth and depth, and it is useful to investigate this variation 
in cost for different conditions. 

Without taking the matter of shear or web reinforcement into 
consideration, it is found from a mathematical study along this 
line that the cost of a rectangular reinforced concrete beam 
to support a given moment varies inversely with the depth, 
directly with the square root of the breadth, and also directly 
with the cube root of the ratio of breadth to depth. The 
depth will, however, be limited in many ways. It may be 
limited by the shearing stress fixing. the value of bd, or it 
may be limited by the head room required, or it may need 
to be so chosen as to give a beam of satisfactory pro- 
portions. In the case of floor slabs, the breadth (and like- 
wise the depth) becomes fixed, as the breadth of beam to carry 
the load coming upon a strip one foot wide is also one foot. 

In the case where the cross-section of beam is determined by 
shear, the maximum depth theoretically permissible is that for 
which bd is just large enough to carry the shear. With a beam 
designed for moment alone, the cost decreases as the depth in- 
creases, but the area of the cross-section becomes less. A point 
must be reached when the beam will be of just the required 
strength in moment and shear. (Art. 48.) The question which 
now arises is whether or not a still greater depth will result in 
greater economy. 

The quantity bd must now remain constant for the greater 
depths. But bd?, on the other hand, is increased and the con- 
crete stress (f,) decreased. A smaller value for f, permits the 
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use of a smaller percentage of steel, and the cost is still further 
reduced. Thus it should be clear that the proportions of a beam 
will not be determined by shear excepting as to minimum cross- 
section—an increase in depth always resulting in a gain in 
economy. It should be noted in this connection, however, that 
although deep beams are economical of concrete, the wooden 
forms cost more than they do for shallow beams. 

53. Restrained Beams.—The discussion thus far in the course 
has related mainly to rectangular reinforced concrete beams, 
reinforced for tension and shear, and simply supported. It must 
be known by the student, however, that the ends of a reinforced 
concrete beam are often fixed, as in all-concrete construction. 
Such beams sometimes span only one opening, but more often 
they are continuous over several supports. It is sometimes 
difficult to provide a sufficient amount of restraint at the ends 
of such beams to be able to consider the ends entirely fixed, and 
good judgment should be used in the design for all such cases. 
Restrained beams of one span only will be considered under this 
heading, leaving the treatment of continuous beams, both fixed 
and supported ends, for a later discussion. 

A smaller beam may be used when the beam is considered 
restrained than when considered simply supported, so that a 
beam computed as simply supported is always on the safe side. 
For example, the moment at the center of a restrained beam 
of one span, with both ends fixed, due to a uniform load over the 
entire beam, is 1/24 wl?, where w is the load per linear foot of 
beam (maximum shear 0.5 wl). Also, a restrained beam with one 
end fixed and the other free, and under the same conditions 
as above, has a moment of 9/128 wl? (maximum shear 5/8 wi). 
A simply supported beam, on the other hand, has the much 
greater moment at the center of 1/8 wi?. 

Before one can appreciate the design of beams in all-concrete 
construction, it will be necessary to have a clear understanding 
of what is meant by a restrained beam, and the amount of re- 
straint which is necessary to make the beam fixed. A restrained 
beam may be defined as a beam fastened at one or both ends in 
such a manner that the beam is not free to deflect at these 
points. A beam cannot be considered entirely fixed at either 
point, however, unless the restraint is sufficient to cause the 
neutral surface at that point to be horizontal. 

An example of a beam completely fixed at the ends is shown 
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in Fig. 63. The fixing at the ends is effected in this case by build- 
ing the beam for some distance into the wall. The same result, 
as far as the effect on the beam is concerned, might be effected as 
follows: having merely supported the beam and placed upon it 
the loads it has to bear, load the ends outside of the supports 
just enough to make the tangents at the supports horizontal. 
Tn reinforced concrete construction the designer must use his judg- 
ment of how near any particular case approaches the case above 
mentioned, the bending moment formulas for fixed beams being 
based upon the direction of the neutral surface as just described. 
With restrained beams, a negative bending moment occurs 
over a fixed end; that is, at such a point the upper surface of 
the beam is in tension, and the bottom is in compression. The 
negative moment at each support, for a beam uniformly loaded 
WwW 


Yj 


and fixed at both ends, is —1/12 wil?. For one end free, the 
negative moment at the fixed end is —1/8wil?. If a beam in 
all-concrete construction runs into a column or heavy wall girder, 
the end in question is practically fixed. Top reinforcement will 
be required for the negative moment, and rods running into the 
support must be bent or otherwise anchored. 

54. Continuous Beams.—The bending moments and shears 
on beams which are continuous over one or more intermediate 
supports cannot be derived from the principles of statics, since 
the unknown conditions in the case of the reactions are greater 
in number than the statical conditions of equilibrium. To find 
the reactions for continuous beams, an additional condition is to 
be introduced from the theory of elasticity, by means of the 
equation of the elastic curve. After the reactions are computed, 
the shears and moments’ due to given loads are readily deter- 
mined, either analytically or graphically. Only the results 
of such study will be stated here, since the study itself is not 
important in this connection. 


In general practice, such as building construction, the live 
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loading is usually indefinite, and is generally considered unif ormly 
distributed except where the exact conditions of panel loading 
or concentrated loads are known in advance. Fig. 64 shows 
the variation in shear and moment along a continuous beam due 
to a uniformly distributed load. The diagram shows that if a 
beam is built continuously, pull or tension is bound to occur over 
each intermediate support, with compression at these points at 
the bottom of the beam. This is shown by the bending moment 


being negative at these supports. The same is also true at the 
ends of such beams when fixed. 

Many of the foremost authorities have reached the conclusion 
that for a continuous beam of any number of spans, the maximum 
positive moment in the middle of all but the end spans and the 
negative bending moment over the supports (with the exception 
of the second support from each end) may be taken as numeric- 
ally equal to each other and represented by the formula 


12 

The center of the end span and the adjoining support between 
this and the next span should be designed for a moment 

wl? 


M= 75 


132 REINFORCED CONCRETE CONSTRUCTION 


A special case, however, occurs with continuous beams of two 
spans. Such beams should be designed for a positive bending 


moment of re in the middle of each span and a negative moment 


wl? 
—— over the center support. 


8 
The shear at each support of continuous beams with fixed ends 
may be taken at one-half the span load. If the ends are simply 
supported the shear in the end spans near the second support 
will be approximately six-tenths of a span load. 
Many of the building laws in the United States, to provide for 
the possibility of poor construction and other conditions, give 


2 
Le to be used throughout. It 


) 3 . . . 
must be understood that when =e is used, 1t is absolutely neces- 


sary that the beam be really continuous both in design and 
construction. 

In applying the values for bending moment given above to the 
various cases in all-concrete construction, the assumption is 
made that the moment of inertia of the beam is constant through- 
out its length. While this is not strictly true, extensive studies 
of various cases in reinforced concrete show that a large change 
in the moment of inertia makes a very small change in the bend- 
ing moment, so that the relations are substantially correct. 

Some engineers consider that the use of more steel is necessary 
between supports than the amount just sufficient to resist the 
wl? 
a 


of 


the more conservative figure 


bending moment They consider that by figuring for a 


moment of = at the center of span, the stresses over the sup- 
ports are relieved, and the design is more economical. It is 
true that the negative bending moment over the support de- 
creases with the increase of steel at the center of span, but it is 
also true that the consequent decrease of steel over the supports 
does not offset the increase in steel needed throughout the beam. 

Mr. Sanford E. Thompson in an article published in the issue 
of Engineering News of January 13, 1910, under the title 
“Continuity in Reinforced Concrete Beams,’ shows that a beam 


. ) 3 . . 
designed for a moment = in the middle of span requires 25 
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per cent more steel than the beam designed with ee for both 
positive and negative moments. 

Building laws, however, often require the beams and girders 
to be figured as simply supported. In such cases to obtain a safe 
structure and at the same.time one that is as economical as 
possible under the conditions, the beam over the supports should 
have about six-tenths of the amount of steel that is employed in 
the middle of the beam. 


~~ The spans of a continuous beam are generally taken as the 


distance between the centers of supports. This is the simplest 
plan to follow in the majority of cases and is always on the side 
of safety. If the support is exceptionally wide, an arbitrary 
length of span may be taken which should not be less than the 
net span between supports plus the total depth of the member 
which is being designed. 

For occasional concentrated loads which act in connection with 
uniform live and dead loads, and for loads produced by beams 
running into girders, the maximum moment may be computed 
with sufficient accuracy by considering the beam or girder simply 
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supported, and then reducing this maximum moment by the 
same ratio used in the distributed loading. For example, sup- 
pose the maximum moment due to given concentrated loads is K 
(considering the beam supported), then if 1/12 wi? is used in 
distributed loading instead of 1/8 wl? required for the supported 
beam, 8/12 of K, or 2/3K, may be used for the concentrated 
loads. The negative bending moment with concentrated loading 
may be taken the same as the maximum positive moment due to 
concentrated loading, reduced as already explained. If the 
principal live loads on a beam are concentrated as, for example, 
upon a girder bridge, the moments and shears at all points must, 
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be specially computed. We will not consider such loading for 
the present. 

The negative moment at the supports of continuous beams is 
provided for by bending up a sufficient amount of horizontal 
steel in the beams on each side of the support, and carrying it 
across over the support to about the third point of the span. The 
rods that are bent up for negative moment can be figured to take 
diagonal tension. 

The moment at the supports being negative, the tendency is 
for diagonal cracks to start at the top while farther along the 
cracks tend to start at the bottom, as shown in Fig. 65. Stirrups 
at points of negative moment should loop about the upper bars, 
and at points of positive moment should loop about the lower 
bars. The student should satisfy himself with regard to the 
direction of the diagonal stress lines in such beams. 


PROBLEMS 


Make the best design of beam possible for the conditions given below. 
Use f-=600, fs=16,000, and the allowable unit stresses for shear and 
bond as recommended by the Joint Committee. Beams are to be considered 
as simply supported. p=0.00675. k=0.360. 7=0.880. 

40. Span 30 ft., load 800 lb. per ft. (including wt. of beam). 

Take b=16in. Use 6 plain round rods. Determine also the maxi- 
mum deflection. 

41. Span 20 ft., load 1800 lb. per ft. (including wt. of beam). 

Take b=16in. Use 6 plain round rods. 

42. Span 15 ft., load 3200 lb. per ft. (including wt. of beam). 
Take b=16 in. Use 7 plain square rods. 

43. Span 12 ft., load 5000 lb. per ft. (including “wt. of beam). 
Take b=16 in. Use 10 plain round rods in two rows. 

44. Span 10 ft., load 8000 lb. per ft. (mot including wt. of beam). 
Take b=16 in. Use 14 plain round rods and bend up six. 

45, Change the concentrated loads shown in Fig. 58 to 25,000 Ib. each, and 
design a beam for the conditions shown, but with the allowable unit 
stresses as specified above. Consider the concrete to take its allowable 
value of shear. Take b=20in. Include weight of beam in given loading. 

Note.—In Problem 44 given above and in all slab and beam problems 
which follow in this course, the student is required to make his designs so 
that the assumed weight of beam checks within 10 per cent of the actual 
weight. All designs must be submitted neatly drawn in ink with the ac- 
companying computations. 
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CHAPTER V 
SLABS, CROSS-BEAMS, AND GIRDERS 


55. Slabs.—Only the style of slab occurring in all-concrete 
construction will be considered at this time, in order to bring 
forward the treatment of T-beams clearly. Fig. 66 shows a 
finished floor slab in this type of construction in a building. A 
somewhat similar construction will be found in beam and girder 
bridges. The beams, girders, and slabs are continuous. The 
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girders form intermediate supports for the beams, and the col- 

umns for the girders. The beam BB, for example, is supported 

by the girder CC, between the points a and 6. Fig. 67 shows a 

cross-section along the line hk, Fig. 66. The slab constitutes 

part of the beams and girders, being built simultaneously with 

them. However, for a slab to be considered a part of a beam in 
10 135 
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figuring stresses, the beam and slab must be well tied together 
by the steel reinforcement. 

With cross-beam and girder construction, the span of the slab 
will usually range from 4 to 6 ft. In such short spans, the slabs 
become rigidly supported if they are well bonded to the beams, 
by reason of the action of the adjoining floor-panels. Even 
where the slabs are simply supported on the tops of steel beams, 
the adjoining slabs prevent any lateral motion and render the 
slab partially continuous. With supports in monolithic con- 
struction, therefore, the strengthening effect is especially great 
and reinforcement against negative moment is hardly necessary. 
For such short spans, a reinforcement of rods near the bottom 
will be effective. They should be laid with lapped and broken 
joints to give continuity and to prevent the localization of 
contraction cracks. (Fig. 67.) 
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Tn the case of spans longer than 5 or 6 ft. it becomes necessary 
to reinforce against negative moment. This may be done in the 
same manner as already suggested—by bending up a part of 
the rods and extending the bent ends beyond the beam. The 
bend in the bars should be near the 1/4 points in the span, and 
usually at an angle of 30 degrees with the horizontal. Too 
sharp an angle may tend to crack the slab. Fig. 68 illustrates 
two arrangements of rods. For clearness the rods are shown one 
above the other but, with the exception of the bends, they are 
actually in the same horizontal plane at the different points and 
are spaced alternately. Bars may extend over several spans if 
the spans are short, but in such cases they should be arranged to 
break joints so as to accomplish the same results as shown in 
Fig. 68. : 

Fig. 69 is another arrangement to accomplish the same object, 
using separate straight rods. Either arrangement in Fig. 68 is 
preferable to that shown in Fig. 69 for very heavy loads, in order 
to provide against shearing failures. Shearing failures are not 
usually important in slabs, but in special cases of heavy loading 
the same care should be used as in the design of large beams. 
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When placing slab reinforcement in long spans, a top reinforce- 
ment at least to the third point will be desirable. In ordinary 
spans the steel should at least be lapped a sufficient distance over 
supports to provide adequate bond strength. The use of a 
webbing for reinforcing the slab is to be preferred, since the 
spacing of the bars is not likely to be deranged, as occurs when 
separate rods are used. 


Fic. 68. 


A slab should be figured in the same manner as a rectangular 
beam, and the depth and percentage of steel are therefore 
obtained by the formulas given in Art. 33—the bending 
moment being figured for a width of slab equal to one foot. For 
short uniformly loaded spans, fully continuous over two or more 
intermediate supports, a moment of 1/12 wl? may be used both 
in the centers of all spans and also over all supports, for both 
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Fig. 69. 


dead and live loads. For slabs of long span, and for all slabs 
over two bays only, the moments should be taken as for continu- 
ous beams. (Art. 54.) The ratio of steel in a slab is most 
readily found by dividing the cross-section of one bar by the 
area between two bars, this area being the spacing of the bars 
multiplied by the depth of steel below the top of slab. 

Slab bars should not be spaced too far apart to properly 
take stress directly nor yet should they be spaced so close that 
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the concrete cannot properly be placed between them. The 
reinforced concrete regulations of New York City adopted Dec. 
28, 1911, require that the reinforcement shall not be spaced farther 
apart than two and one-half times the thickness of the slab. 
The minimum limit should be about the same as in beams. 
When a floor panel is square, or nearly so, the slab may 
advantageously be reinforced in both directions. Exact analy- 
sis of stresses in such a case is impossible, but some important 
facts have been brought out by approximate solutions for uniform 
loading. The theory!applied in such an analysis depends upon 
the fact that the load at any point on the slab is distributed to 
the two systems of reinforcing bars at that point, in proportion to 
the stiffness of the beam elements lying in those directions. The 


A b d B 


distribution of load on each system of reinforcement of a square 
slab, either along aa’ or bb’, Fig. 70, has been found to approxi- 
mate the curve of a parabola aOa’. The center bending moment 
along aa’ or bb’ will be found by this assumption to have a slightly 
greater value than a slab reinforced in only one direction and 
carrying one-half the uniform load. Also the distribution of 
load along cc’ (or dd’) is shown by the curve aGa’, and when AB 
(or BD) is reached by an element parallel to aa’ (or bb’), the 
load supported by the reinforcement becomes zero. 

The assumption usually made is that one-half the load is car- 
ried uniformly by each system of reinforcement, and the rods 
consequently for such an assumption have an equal spacing 
throughout the slab. The center bending moment resulting 
from an analysis, as above described, is so near the center bending 
moment for uniform distribution of load to each system, that 


1 From Turneaure and Maurer’s “ Principle i i 
Sie ae ples of Reinforced Concrete Construction,” 2nd 
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practically it is: accurate enough to consider these bending 
moments identical. A greater economy, however, may be 
obtained from the spacing of rods than is generally obtained in 
practice. ‘The spacing at the center—namely, at aa’ or bb/— 
may be determined on the equally distributed basis but at points 
intermediate between the center and the edge, the rods might 
well be spaced so that the number per foot would vary from the 
required number at the center to zero at the edge, following the 
law of the parabola. Or, the spacing for the center half of the 
slab may be the same and then gradually reduce the number 
of rods per foot to the edge of the slab, using one-half as many 
rods for the remaining two quarters. 

From a similar approximate analysis regarding the stresses 
in rectangular slabs of greater length than breadth and rein- 
forced in both directions, it seems proper to vary the spacing of 
the reinforcement for each system as already described, provided 
the panels are not far from square. As a slab becomes oblong in 
form, however, the relative amount of load carried by the longi- 
tudinal system becomes rapidly less. 
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Consider uniform load over the slab represented in Fig. 71. 
It is required to find w, and w,, the parts of the whole unit load 
w that is carried by the reinforcement parallel to the strips 
rr’ and ss’. The deflections of these strips of unit width at k 
are the same, and are proportional to the fourth power of the 
length of the strip. Thus, 

w,b*=w,]/* and, since w,+w,=W 
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which represents the proportion of load carried’by the reinforce- 
ment parallel to the shorter axis.1 The proportion of the total 
load carried by the shorter system for various ratios of length 
(1) to breadth (6) is approximately as follows: 


2.0 


Ratio 1 | 4 Ge | Lo 


| 
| | 
0.59 | 0.67 | 0.75 | 0.80 | 0.83 
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When the length of a floor panel is large compared to its breadth, 
the longitudinal reinforcement (that is, reinforcement parallel 
with the length) is of little value in carrying loads, but a small 
amount is nevertheless generally desirable in preventing 
shrinkage and temperature cracks and in binding the entire 
structure together. It is more important for wide beam spacing 
than when the beams are closely spaced. The amount of steel 
to use is usually selected somewhat arbitrarily, and 1/4-in. or 
3/8-in. rods spaced 18 to 24 in. apart is common practice. The 
top of the slab over a girder should be reinforced transversely, 
not only for stiffening the girder, but also to provide for the 
negative bending moment produced with the bending of the slab 
at right angles to the direction of the principal slab steel. 

56. Distribution of Slab Load to Cross-beams.—lIf a floor slab 
is reinforced in one direction only, the load will practically all be 
transmitted to the beams at right angles to the direction of the 
reinforcing rods. A small part, however, will be transferred 
directly to the girders at the sides of the panels, but this may 
well be neglected in the calculations for cross-beams. In fact, 
even with reinforcement in two directions, the load should be 
assumed as all transferred to the cross-beams unless the panel is 
nearly square. 

If panels, nearly square, are reinforced in both directions, 
the loads carried to the cross-beams and girders will not be uni- 
formly distributed over the length of such beams and girders, 
but may be assumed to vary in accordance with the ordinates 
of a triangle. This assumption is surely on the safe side in re- 
gard to moment, if the area of the triangle is made equal to that 
part of the total load on the panel which is transmitted to the 
beam in question—as determined by the table of the preceding 


} Joint Committee recommends the simplified formula: = = +05 
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article. Assumptions of this load being either uniformly dis- 
tributed, or varying as the ordinates of a parabola, give a lower 
resulting moment than the triangle method and for this reason 
are not so much in use. 

Let w be the uniform load per unit of area on the slab, and w, 
and w, the parts of this unit load that go to the shorter and longer 
beams respectively. Applying the loads in the form of a triangle 
having its apex at the middle of the beam, the maximum moment 
will be for the longer beam, and, if this beam is considered simply 
supported and as carrying the load from one panel only, 


aol) 


f 
— 12 w,bl2 


and for the shorter beam M= 5 webl 


Tf the slab is square, ww, is = and M=1/24 wil’. For beams made 


continuous, the bending moment may be multiplied by the 
proper coefficient as already described. (Art. 54.) With beams 
or girders common to two panels, the bending moment should be 
multiplied by 2. 

Unless the panel is nearly square, floor slabs should not be 
reinforced in two directions, as it is evident that no economy 
results from double reinforcement when the ratio of length to 
breadth of panel is greater than about 1.2. If the length of the 
slab exceeds 1.5 times its breadth, the entire load should surely 
be carried by the transverse reinforcement. 

57. Distribution of Beam and Slab Loads to Girders.—Fig. 66 
shows cross-beams running into girders, with the one-way type 
of reinforcement. The load upon the girders in such construc- 
tion consists of the concentrated live and dead loads from the 
cross-beams acting at their points of intersection with the girder, 
the uniformly distributed weight of the girder itself, and the 
unsymmetrically distributed weight of a small portion of the 
- floor slab with its live load which bears directly upon the girder. 
(Fig. 72.) In order to avoid computing several moments, it has 
been found! that the maximum bending moment on a girder sup- 
porting cross-beams may be obtained without appreciable error 
by considering, as a uniformly distributed load, the weight of the 
stems of the girder and cross-beams plus the weight of the slab 


} Taylor and Thompson's ‘Concrete, Plain and Reinforced,” 2nd edition, page 432. 
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and its live load, for an area whose length is the length of the 
girder and whose width is the average length of the beams run- 
ning from each side into the girder. The sum of these loads 
divided by the length of the girder gives a uniformly distributed 
load for which the ordinary formula for bending moment may be 
used. 

Thus, in Fig. 72, instead of computing the moment on the 
girder as the sum of the moments produced by loads of the tri- 
angles abe plus the concentrated loads from the beams at c plus 
the weight of the girder, the entire live and dead load of the area 
dddd may be considered as uniformly distributed over the girder 
in the length aa. 
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An exception occurs, however, in the case where two beams 
run into a girder at the one-third points. Here the maximum 
moment obtained by the uniformly distributed method gives 
slightly too conservative results, and may be reduced by 10 per 
cent. Moments in a girder other than the maximum must be 
computed for individual conditions, 

58. Arrangement of Beams and Girders.—The spacing of 
columns and girders will be determined largely by architectural 
considerations and consequently the best spacing of cross-beams 
will vary for different cases. The designer must decide whether 
to omit all cross-beams, to insert them only at columns so as to 
form a square or nearly square panel, or to space them at much 
closer intervals using two or more to a girder panel, as shown in 
Fig. 66. For economy, slabs with square or nearly square panels 
should have both transverse and longitudinal reinforcement. 

For the sake of lateral ‘stiffness, it is generally desirable to 
place cross-beams at columns. In some cases, however, where 
such stiffness is not needed, the cross-beams may be entirely 
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omitted. The amount of concrete will be more, but the amount 
of steel required will be less and little saving, if any, is effected 
by using cross-beams when their use is in doubt. Heavy loads 
and low stresses, however, call for large weights of concrete, and 
cross-beams will undoubtedly be needed under such conditions, 
as the deeper a beam, the greater its moment of resistance for a 
given volume. The economical spacing of cross-beams will 
vary between 4 or 5 ft. to 10 or 12 ft. 

59. Design of Beams and Girders. 7-Beams.—When a slab 
and beam (or girder) are built at the same time and thoroughly 
tied together, a part of the slab may be considered to act with 
the upper part of the beam in compression. Cross-beam A and 
a portion of the slab which may be considered to aid in resisting 
stress (Fig. 66) is shown cross-hatched; a like representation is 
given for girder C. This form of beam is called a T-beam, and 
the extra amount of concrete in the compressive part of such a 
beam makes possible a considerable saving over the rectangular 
form. 

T-beams are found to fail under essentially the same conditions 
as rectangular beams, and the same general principles apply. 
Tests show that the maximum load carried can be materially 
increased by placing cross bars in the top of slab and by adding 
fillets between the flange and the beam. Cross bars are found to 
be actually needed to insure T-beam action but fillets are not 
required in ordinary cases. 

T-beams with projections of flange on each side of web of 
10 1/2 times the thickness of the slab have been found to carry 
a load only 5 per cent larger than beams with projections of 6.8 
times the thickness of the slab. No appreciable difference was 
found in the latter beams between the deformation at the edge of 
flange and the deformations in the flange at the web. 

The Joint Committee has recommended the following rules for 
determining flange width: 

(a) It shall not exceed one-fourth of the span length of the beam. 

(b) Its overhanging width on either side of the web shall not exceed 
six times the thickness of the slab. 

Beams in which the T-form is used only for the purpose of providing 
additional compression area of concrete should preferably have a width 
of flange not more than three times the width of the stem and a thickness 
of flange not less than one-third of the depth of the beam. 
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The web and flange of a T-beam can be considered well tied 
together when slab reinforcement crosses the beam and when the 
web reinforcement extends well up into the slab. The bonding 
should be especially well looked after near the end of beam, and 
this is generally accomplished by means of the bent rods brought 
up as high as possible, in addition to the slab reinforcement (as 
mentioned) acting at right angles to the length of the beam. 
Along the center of the beam the differential stresses between 
the beam and slab are not large, but it is better to insert vertical 
stirrups extending up into the slab at occasional intervals since 
shrinkage of the concrete is apt to part the slab from the beam if 
there is not some means to hold the two together mechanically. 
The thinner the sections, the more thorough should be the 
bonding. 


cy —— 
¥ i Nev ‘ : 
mei mas a - : : 

0) 


Area of 
steel= Ag 


Cross section Stress Diagram 


BIG. to. 


When frames are not used for beams and girders, successful 
results can be obtained by wiring the main rods together and 
employing U-shaped stirrups with hook ends to act as hangers 
by which-to suspend the rods in the form. The length of the 
hook should be sufficient to permit the stirrup to rest on the top 
of the slab form. The hook has the further advantage of increas- 
ing the bond between the beam and slab. 

With a T-beam it is necessary to distinguish two cases when 
applying formulas for design; namely, (1) the neutral axis in 
the flange, and (2) the neutral axis in the web. 

Case. I. The Neutral Axis in the Flange-—All formulas for 
“moment calculations” of rectangular beams apply to this case. 
It should be remembered, however, that b of the formulas de- 


Wer l te eo eae 


dae 


ee, eee ed 


ce Fee se 


| = 


77 


SLABS, CROSS-BEAMS, AND GIRDERS 145 


notes flange-width, not web-width, and p (the steel ratio) is 
ret as (Fig. 73.) 

Case II. The Neutral Axis in the Web—The amount of com- 
pression in the web (aaaa, Fig. 73) is commonly small compared 
with that in the flange, and is generally neglected. The method 
of procedure in determining formulas for ‘moment calculations” 
of T-beams is identical with that for rectangular beams and the 
resulting equations only will be given. 

The formulas to use, assuming a straight line variation of 
stress and neglecting the compression in the web, are: 
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Approximate formulas can also be obtained. From the stress 
diagram, Fig. 73, it is clear that the arm of the resisting couple 
is never as small as d—1/2t, and that the average unit compressive 
stress is never as small as 1/2f,, except when the neutral axis is at 
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the top of the web. Using these limiting values as approxi- 
mations for the true ones, 
M.=1/2 febt(d—1/ 2t) (a) 
| M,=a,f,(d—1/2t), or a= GT (b) 
The errors involved in these approximations are on the side of 
safety. 

Since a T-beam will usually have ample strength in compression 
for any ordinary depth of beam likely to be selected, the design 
of the stem of the T, or the beam below the slab, is therefore 
largely a question of providing sufficient concrete to take care 
of the shearing stresses and to give a good layout of the tension 
rods. The manner of providing reinforcement for shearing 
stresses in T-beams is similar to that already described for 
rectangular beams. In T-beams, however, the reinforcement 
for shear should run well up into the slab in order to tie the 
beam and slab together. Results from tests for both shear and 
moment in T-beams agree quite closely with theoretical results. 
Tt also appears that the shearing strength of a T-beam is about 
the same as that of a rectangular beam of the same depth and 
a width equal to the width of the stem of the T. 

All re-entrant angles in concrete are points of weakness and 
such angles should, therefore, be avoided. Also, T-beams should 
not be made too deep in proportion to the width of stem as 
such forms are relatively weak at the junction of stem and 
flange. The width should preferably be from one-third to one- 
half the depth in ordinary cases, For large beams the width 
may be made one-third to one-fourth the depth. 

Deflection formulas for T-beams are given in Art, 51. 


In the following problems and also in those problems to be worked out 
by the student, the working stresses recommended by the Joint Committee 
for a 2000-Ib. concrete will be assumed; namely, 

fco=650, f,=16,000, n=15. 

In the illustrative problems following Art. 50 in which the above-mentioned 

allowable stresses were used, the following values were determined: 


p=0.0077, k=0.378, j=0.874. 
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It will be well to bear these results in mind when following through the 
computations in slab design which follow. The rule is followed that for a 
slab of 4 in. (total depth) and less, the depth is taken to the nearest 1/4 in. 
The depth of slabs over 4 in. are taken to the nearest 1/2 in. 

Illustrative Problem.—What safe load per square foot (including dead 
weight) can be supported by a slab 6 in. deep (d =4 3/4 in.) and 10 ft. span, 
reinforced with 1/2-in. round rods placed 8 in. apart? The slab is simply 
supported and reinforced in only one direction. 

0.1963 
jp= (8)(4.75) 0.0052 
k=*/(2)(0.0052)(15) + (0.0052)?(15)?— (0.0052)(15) 
=0.325 


The percentage of steel is less than 0.0077 and, consequently, the resulting 
moment is determined by the steel. 


M =1/8wl?(12) =pf,(1—1/3k)bd? 
1/8(w) (100) (12) = (0.0052) (16,000) (0.892) (12) (4.75)? 
w =134 lb. per square foot, safe load. 


Illustrative Problem.—Design a slab to span 6 ft. and to carry a live load 
of 250 lb. per square foot. Slab is to be fully continuous and reinforced in 
only one direction. 

We shall assume the dead load at 50 lb. per square foot., making a total 
loading of 300 Ib. per square foot. 


Be ca OA 19 500 in 1b. 
12 12 
Also, M = (0.0077) (16,000) (0.874) (12) (d?) =10,800 
or d=2.9 in.—take 3 in. 
Taking 3/4-in. concrete below steel, thickness of slab is 3 3/4 in. 
Area of steel per foot of breadth = (3.0)(12) (0.0077) =0.277 sq. in. We 
shall use 3/8-in. round rods for tensile reinforcement. Areaof 3/8-in. round 


rod=0.1104sq.in. Required spacing —org(l2)=4 3/4 in. on centers. 


(3.75) (12) 
. (12)(42) 


Thus the assumed and calculated dead weights are close enough, and the 
slab need not be redesigned. The slab should be reinforced against negative 
moment at the supports. The slab should also be reinforced transversely 
in order to prevent shrinkage and temperature cracks. Shear at ends of 
slab in direction of reinforcement is (300) (3) =900 lb. per foot of breadth. 
Allowable shear = (12) (3) (40) =1440. Thus no web reinforcement is needed, 
as is usually the case except for excessive loading. 

Illustrative Problem.—Design a slab for a 10 ft. by 10 ft. panel to carry a 
live load of 250 Ib. per square foot. Slab is to be fully continuous and rein- 
forced in both directions. The dead load will be assumed at 60 lb. per square 


foot. 


(150) =47 lb. per square foot. 
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For a strip one foot wide at the center, 
2 
M =“, then M=15,500 in. -Ib. 


Also, M = (0.0077) (16,000) (0.874) (12) (d?) =15,500. 
or d=3.5 in. 

Area of steel (at the center) per foot of breadth in each direction= 
(3.5) (12) (0.0077) =0.323 sq. in. We shall use 3/8-in. round rods for tensile 
reinforcement. Area of 3/8-in. round rod=0.1104 sq. in. The required 
spacing for center half of slab =o l2) =4 in. on centers. 

The spacing of rods should be gradually increased to the edge of the slab, 
using one-half as many rods for the remaining two-quarters. The slab 
should be reinforced against negative moment at the supports. 

The depth of the slab should be made 5 in. in order to have the upper 
reinforcement system at the minimum distance 3 1/2 in. from the surface 
of the slab. The lower system will then be slightly stronger than necessary. 
The dead weight of slab is 62 1/2 lb. per square foot, or approximately that 
assumed. For safety in construction, it is preferable to require the two 
systems of reinforcement to be fastened together at frequent intervals. 
Web reinforcement is not necessary. 

Illustrative Problem.—A floor panel is to be 12 ft. by 13.2 ft. and the slab 
is to be fully continuous and reinforced in both directions. Design such a 
slab to carry a live load of 250 Ib. per square foot. 

We shall assume the dead load at 75 lb. per square foot making a total 
load of 325 lb. per square foot. 


From table, Art. 55, the 12-ft. span reinforcement should be designed to 
carry 0.59 w per foot, leaving 0.41 w to be carried by the longitudinal rein- 
forcement. The resisting moment and consequently the depth of the slab 
is always determined by the shorter span. 


wr —00:59) 250 2) (12) (12) _ 40 
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Also, M = (0.0077) (16,000) (0.874) (12) (d2) =27,600 

or d=4.6—say 4 3/4 in. 

Taking 1 1/4-in. concrete below center of steel, the thickness of slab is 6 in. 
Area of steel at the center per foot of breadth in direction of short length 

= (4.6) (12) (0.0077) =0.425 sq. in. We shall use 1/2-in. round rods. Area 


of a 1/2-in. round rod=0.1963 sq. in. Then, required spacing for center 
0.196 : 
half of slab = 9.495 (12) =5 1/2 in. on centers. 
Let us see if the long span system of reinforcement may not be placed 
above the short span reinforcement and still carry its load with safety. 


(d=4 1/4 in.) Using the same spacing and size of rods 


k= Vv. @) (0.0084) (15) + (0.0084) 2(15)2— (0.0084) (15) 


j=0.869 
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The percentage of steel is greater than 0.0077 and consequently the resulting 
moment is determined by the concrete. 

M =1/2(650) (0.392) (0.869) (12) (4.25)? 

= 24,000 in. -lb. 

It is assumed to carry a load of 

(0.41) (325) (13.2)?(12) 

12 

Thus, this arrangement of the two reinforcing systems is satisfactory. 

The assumed and calculated weights are identical and the slab need not 
be redesigned. 

In practice it is always more convenient to use the same sized rods and 
to space them the same in both directions.and, if the floor spans are nearly 
square, this should be done. In the construction of the floor slab, the 
spacing of the rods should vary as described for a square panel. It will 
be found that web reinforcement is not necessary. 

Illustrative Problem.—Design the center cross-section of the 12-ft. 
supporting beam for the slab of the preceding problem. Assume a center 


= 23,200 in. -lb. 


J 2 
span floor panel so that -— may be used throughout. (Art. 54.) The 


beam receives its load from two floor panels. 

The triangular load on the beam due to the live load plus dead weight 
of slab is equal to w,bl (Art. 56) = (0.41) (825) (12) (13.2) =21,100 lb. Assume 
dead weight of stem of beam at 110 lb. per linear foot. Then maximum 
shear occurs at either support and equals at (110) (6) =12,200 Ib. 

The only purpose of the concrete below the neutral axis is to bind together 
the tension and compression flanges, and consequently its section is deter- 
mined by the shearing stresses involved and space for the necessary rods. 
The shearing stress v should not be greater than 120. The area b’d (unless 
the value of j should turn out to be less than 7/8) should not be less than 

1G sq. in 

(7/8) (120) a oe 
Some rough calculations show that if four rods are to be used and all in 
one row, the breadth of stem necessary for the rods controls. A breadth 
b’ of 9 in. and a depth d of 16 in. (total depth 18 in.) will be tried. 

The bending moment due to the live load plus weight of slab is given 
by the formula M=1/12 w,b%l (Art. 57) for a simply supported beam 
carrying the load from one panel only. For a beam fully continuous and 
carrying the load from two panels. 

M =1/12(0.41) (325) (144) (13.2) (2/3) (2)(12) 
=340,000 in.-lb. 
The moment due to the dead weight of stem (113 lb.) is 16,300 in.-lb. or 
a total maximum moment of 356,300 in.-lb. 

The flange of the T-beam is 6 in. thick and its breadth is controlled 
by one-fourth the span, or 36 in. Using approximate formula (b) of 
Art. 59, : 

M 356,300 
%3=(F,)(d—1/2H) (16,000) (13.0) 


= 0.0030. 


=1.71 sq. in. 


and P= (36)(16.0) 
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Supposing this beam to fall under Case I, we find 
k =/2(0.0030) (15) + (0.0030) (15)? — (0.0030) (15) =0.258 
7=0.914 
Hence, kd =(0.258) (16.0) =4.1 in., and the neutral axis is in the flange; 


that is, the case was correctly guessed. 
The corrected value of as, is 


ia bee 356,300 ere 
%s=(F.)Gd)  (16,000)(0.914)(16.0) St ™ 
1.53 


and =0.0027 


P* (36) (16.0) 
Hence, k =\/ 2(0.0027) (15) + (0.0027) 2(15)?— (0.0027) (15) =0.247 
The stress in the concrete is then found to be 
_ 2fsp _ (2)(16,000)(0.0027) _ 
Cait 0.247 vi 
which is satisfactory. Four 3/4-in. round rods will give the required steel 
area. 

It is quite evident in the above problem that the compressive stress in 
the concrete could not be a determining factor in the design, but the com- 
putations are all given to show the student the method to be followed in 
the design of T-beams of larger size. 

Illustrative Problem.—The flange of a T-beam is 24 in. wide and 4 in. 
thick. The beam is to sustain a bending moment of 480,000 in.-lb. What 
depth of beam and amount of steel is necessary? 

Try d=18in. Approximately, j7@d=16in. Then formula (8) or formula 
(b), Art. 59, gives: 


350 lb. per square inch 


re M __ 480,000 yy 
o“F.ja (16,000)G6); 
1.88 
and {er (24) (18) =0.0043 
Then equation (6) gives 7=0.910 and the corrected value of a, is 
8 ‘ 
pall 1.83 sq. in. 


(16,000) (0.910)(18) 
Then equation (2) gives 
kd =5.61 in., or k=0.312 
and shows that the beam falls under Case II, as assumed. 
The stress in the concrete is found from equation (8) to be 


to = (15)(1—0.312) =485 lb. per square inch, which is permissible. 


PROBLEMS 


46. A floor slab is simply supported and reinforced in only one direction. 
The span in the direction of the reinforcement is 8 ft., d=4 in., and 
1/2-in. round bars are used, placed 7 in. center to center. Determine 
the safe load per square foot including the weight of slab. 

47. What thickness of slab and what sizes and spacing of bars will give a 
resistance of 4900 ft.-lb. per foot of width? 


PT Ame lt, 
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48. (a) Design a center span slab to carry a live load of 250 Ib. per square 
foot. Slab is to span 8 ft. and is to be fully continuous, with the one- 
way type of reinforcement. (b) Design section of continuous cross- 
beams with span of 12 ft. Take b’=8 in. 

49. In a square panel, 14 ft. x14 ft., of the two-way type of reinforcement, 
what thickness of slab and what size and spacing of tension rods will 
be required to carry a live load of 400 lb. per square foot; slab is to be 
in a center span and fully continuous? 

50. A center span floor panel is to be 12 ft. 14.4 ft., and the slab is to 
be fully continuous and reinforced in both directions. Design such 
a slab to earry a live load of 400 lb. per square foot. 

51. Design the center cross-section of the 12-ft. supporting beams for the 
floor slab in the preceding problem. The beam receives its load from 
two floor panels. Consider the depth of beam (d) fixed at 18 in. 
(total depth 20 in.) and use four plain round rods. 

52. The flange of a T-beam is 20 in. wide, and 5 in. thick. The beam is © 
to sustain a bending moment of 550,000 in.-lb. What amount of steel 
is necessary? Take d=20 in. 


60. Economical Proportions of T-Beams.—When a floor-slab 
forms the flange of a T-beam, it is possible to determine eco- 

nomical proportions for the stem. 

Consider a portion of a rectangular foam one unit in length. 
Let ¢ = cost of concrete per unit volume; r = ratio of cost of 
steel to cost of concrete per unit volume; C = cost of beam per 
unit length; d’= depth of beam below slab. Then 


rM 
C= evar | 


using the approximate formula (6) of the preceding article. 

When d’ is fixed by the head room available, the cost will be a 
minimum when b’ is made as small as possible, and its value will 
then be determined by the shearing stress or by the space 
required for the rods. The expression also shows that the cost 
will decrease with increased values of f;, and that with a fixed 
value of b’d’ the cost decreases with increase in depth. If the 
value of b’ is assumed as fixed, then there is a definite value of d 
which will give minimum cost. By calculus the following 
expression has been deduced from the preceding equation and 
will give the value of d for minimum cost when the value of b’ is 
fixed: 
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From this expression the best depths for various assumed widths 
may readily be determined and the desirable proportions finally 
selected. 

In the design of beams, and especially T-beams, it is important 
for the student to note that liberal spacing favors large rods and 
few in number, while good bond strength without waste of 
material favors small rods. Also, if bent rods are to be used 
for web reinforcement, then numerous small rods are also 
advantageous. ; 

61. Conditions Met With in Design of T-beams.—In practice 
the design of T-beams will take one of the following forms: (1) 
The dimensions may be given, to find the safe resisting moment 
of the beam or the stresses in the steel and concrete under a given 
load; (2) the flange of the T-beam may form a portion of a floor 
slab which is already designed, in which case the dimensions of 
the flange are given—also the loading and specified working 
stresses—and the design comprises the determination of suitable 
web dimensions and steel area; (8) the loading and working 
stresses may be given, to determine suitable proportions for the 
entire beam—that is, the flange does not form a part of a floor 
system already determined. 

(1) The values of k and 7 may be found from Eqs. (8) and 
(6), or from Eqs. (2), (4) and (5), of Art. 59, and then the values 
of the moment of resistance from Eqs. (7), or the fiber stresses 


from Eqs. (8). If the value of k is found to be less than : then 


the problem falls under Case I and the formulas for rectangular 
beams apply. 

(2) Depth and width of beam should be selected with reference 
to shearing strength, space for necessary rods, and other con- 
siderations. The depth having been selected, the amount of 
steel may be approximately determined by either Eq. (a) or Eq. 
(b). The amount of steel being known, the value of 7 may be 
determined by Eq. (7). The value of k should also be found from 
Eqs. (2) or (3) in order to ascertain if the beam falls under Case 
I or Case II. The stress in the concrete, corresponding to the 
allowable working stress in the steel, is then found from Eq. (8). 
(This method has been explained by illustrative problems 
following Art. 59.) 

(3) First, select suitable proportions for the web. A flange 
thickness is then assumed such as to give satisfactory proportions 


Arttias' sited 


| 
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between t and d. (See Art. 59 for suitable proportions.) The 
t 
d 
Eqs. (1), (4), and (5). The area of steel and the breadth of 
flange are then found from Eq. (7). 

(Note-—When making approximate computations for shear 
or bond stress along the horizontal tension rods, an average value 
of 7=7/8 may be assumed, as for rectangular beams.) 


value of = is then known and k and j can be determined from - 


Illustrative Problem.—A T-beam in a floor system is subjected to a 
maximum shear of 19,000 lb. and a maximum moment of 722,000 in.-lb. 
Determine the economical depth of beam. Use working stresses recom- 
mended by Joint Committee. Assume the ratio of unit cost of steel to 
cost of conerete=70. Thickness of floor slab is 3 3/4 in. 
19,000 


Cross-section of web as determined by shear b'd=—F 95 


From formula of Art. 60, for 
Ge) Sane a — oie ane 
b’= 9 in. d=20.6 in. 
pe LO: d—19-7 in: 

If the object is to obtain suitable proportions, either of the last two 
breadths with corresponding depths may be selected but, for convenience 
in placing steel, the breadth of 10 in. and depth of 19.7 in. will most likely 
give the best design. 

Illustrative Problem.—Design a T-beam with span of 40 ft. Assume 
dead load = 1400 lb. per foot. Live load = 3000 lb. per foot. The 
beam is to be simp'y supported at the ends and the flange is to be pro- 
portioned as well as the web; that is, the flange does not form a part of 
a floor system already determined. Use working stresses recommended 
by the Joint Committee. 

This problem comes under Case (3) in the design of T-beams and the 
method previously suggested will be followed. 

The total bending moment, 

= (4400) sat 


The maximum shear 
V = (4400) (20) =88,000 Ib. 
The required net web area 
= b/d = 000 _ 838 sq. in. 

This area can be supplied by a web 
b’=16in. d=53 in. 
b’=17 in. d=50 in. 
b’=18in. d=47 in. 
b/=19in. d=44 in. 
b’=20in. d=42 in. 


=181 sq. in. 


= 10,560,000 in.-lb. 
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To give good space for the steel and still obtain satisfactory proportions 
for the cross-section, we will select b’ =18 in. and d=47 in. for a preliminary 
value. A thickness of flange of 12 in. will be tried. For this thickness 
Ap ea opie Then, by means of formulas (1), (4), and (5) of Art. 59, 


we find that 4=0.379 and j7d=42.0 in. Also, from formulas (7), as, =15.7 


sq. in. and b=48 in. 
To illustrate the effect of varying proportions, calculations will also be 
made for a flange thickness of 8 in., 10 in., 14 in., and 16 in. The results 


are as follows: 


t b jd Overhanging width Area of flange 
sf of flange | outside of web 
8 in. 61 in. A333 in, | 15,2/aq. m: 21.5 in. 344 sq. in. 
10 in, | 52in. | 42.8in.| 15-4 sq. in. 17.0 in. 340 sq. in. 
12 in. 48 in. 42.0 in. 15.7 sq. 1a? 15.0 in. } 360 sq. in. 
14in. | 46in. | 41.5in.| 15.9 sq. in. 14.0 in. 392 sq. in. 
16 in. 44 in. Al 2m. 16.0 sq. in. 13.0 in. 416 sq. in. 


It should be observed that the amount of concrete is less the thinner 
the slab and that the effect of variation of ¢ upon the amount of steel is 
very small. However, a relatively thick flange is desirable considering 
the fact that the girder is not a part of a floor system and that the flanges 


are unsupported at their outer edges.1 The 12-in. flange will be adopted. 
The dead load assumed is considerably on the safe side, but the design 
need not be changed. 

The steel area required is 15.7 sq. in. Five round rods 1 3/8 in. diameter 
and seven round rods 1 1/4 in. diameter, giving a total area of 16.0 Sq. in., 
will be used. To provide sufficient spacing between rods, the rods will 
be placed in three rows as shown in Fig. 74. The five 1 3/8-in, rods will 


1 For recommendations of the Joint Committee, see Art. 59, 
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be placed in the lower row, five 1 1/4-in. rods above, and two 1 1/4-in. 
rods in the third row. Taking moments of areas about the center of the 
lowest row, the center of gravity of the group is found to be 


(5) (1.28) (2) + (2) (1.23)(4) _ 5 gin 
es Ain. 


above this row. Hence, the lower row should be placed about 48 1/2 in. 
below the top of the beam, thus giving a total depth, including the protective 
covering, of 51 in. 
Bond for one rod (1 3/8 in.) at the end is 

Be Ve 88,000 

~ Zojd (4.3197) (42.0) 
For plain round rods, the number which must extend to the end of the 
beam is 


=485 lb. per square inch. 


485 

(1.5)(80) — 

Six will be run to the end—namely, the entire lower row of 1 3/8-in. rods 
and also the center 1 1/4-in. rod of the second row. 

Web reinforcement will be provided by means of bent rods and vertical 

stirrups. In bending up the rods, the two uppermost rods will be bent 

up nearest the center. Two rods will be bent up at a time since bending 


£ 


ie: Neutral / 
aes = 


Fig. 75. 


the rods singly greatly complicates the handling and prevents a symmetrical 
arrangement. The bends, also, will all be made at 45 degrees and the bent 
ends extended far enough to give ample strength of bond. 
Web reinforcement is unnecessary at a distance from support equal to 
. 40's (40) (18)(42.0) 
2y 2 4400 
The total stress to be taken by the inclined rods (and vertical stirrups, 
if necessary) is represented by triangle ABC, Fig. 75. BC represents two- 
thirds of the horizontal shear at the support per 1 in. length of beam. 
2Vb 2 (88,000) 
BC= 3 bjd~ 3 (42.0) = 1395 lb. 
r= (0.7)(AD) = (0.7)(13.1) (12) =110 in. 


= 13.1 ft. 
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Hence, total stress to be taken by the rods 
— FE a) = *5 (110) =76,700 Ib. 

But the area of one rod multiplied by 16,000 gives its tensile value, or 
tensile value of one rod =(1.2272) (16,000) =19,620 Ib. 
76,700 
19,620 
proper points. Six rods, however, will be bent up as a trial. 

The rods may be bent up at two at a time in the following order: 


=4 rods are required if they can be bent up at the 


Thus, only 


29 

Pe or < 55 [1- G20 |=12:18 ft. 
22 

te —Or—a so l2- Ona |-394 ft. 
297 

y= oF <S[1- | =6.44 ft. 


(Note.—Areas are used in the three preceding equations instead of the 
number of rods, since rods are of two different sizes. The location of 
the neutral plane, by formula (2) of Art. 59, is kd =(0.38)(47) =17.9 in. 
below the top of the beam.) 

The length l’ should equal 50 diameters (from table, Art. 43) or 


(50) (1.25) =62.5 in. =5.2 ft. 


Fig. 75 shows the construction necessary to locate the points where the 
rods should be bent to provide for diagonal tension. It is evident that the 
rods can be bent at the desired points, but notice that the spacing between 
two bends of the bent rods is greater than 3/4 d. Computations given 
above show that only 4 rods are required at the end of beam and the bending 
up of 8 rods should be tried unless it is intended to reinforce with vertical 
stirrups as well. 

In the design at hand, with only six rods bent, the spacing of the bent 
rods can either be made not greater than 3/4d and stirrups supplied to 
take the diagonal tension which would remain unprovided for, or else the 
rods may be left as in Fig. 75 and stirrups employed throughout the length 
of the beam. Double-looped stirrups, as shown, are advantageous in a 
large beam of this kind and, even when stirrups are not theoretically neces- 
sary, it is good design to use them throughout since they support the tension 
rods, bind together the web and flange, and add greatly to the security 
of the construction. For the beam under discussion, the stirrups should 
be spaced about 2 ft. apart at the center of span varying to about 12 in. 
at the ends. 

If it be possible in the design of a T-beam of this kind, that the live 
load may be applied to one flange rather than uniformly over the whole 
top, it may be necessary to provide transverse reinforcement in the upper 
side of the beam. Usually if the stirrups are extended transversely some 
distance beyond the width of web, as shown in Fig. 75, ample security will 
be given. The required area of this steel may be determined per foot of 
length of beam by treating the flange on either side of the web as a canti- 


* 


bahe 
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lever. Angles, such as those between the flange and the stem, are always 
a source of weakness and it is good practice to bevel off the corners of 
the forms, as shown. 


62. Beams with Steel in Top and Bottom.—Compressive stresses 
are generally carried by concrete more economically than by 
steel. It is sometimes desirable, however, to place steel in the 
compression as well as in the tension side of the beam. When a 
rectangular beam is limited as to size, double-reinforcement is 
sometimes the result, and in such cases the value of the steel 
reinforcement on the compressive side needs to be known. 
The effectiveness of steel in compression has sometimes been 
questioned, but the results of tests indicate that the steel does 
its share of the work. 

Double-reinforcement is more commonly met with at the sup- 
ports of continuous T-beams. At such places the bending mo- 
ment is negative, the flange is under tension and is reinforced, 
and the lower part of the web is under compression. Also some 
of the center span steel is carried horizontally into the support 
and may be figured with the concrete to assist it in taking com- 
pression provided, of course, that its length beyond the center of 
support is sufficient to provide bond. A continuous beam at the 
supports is consequently double-reinforced, and the case is simi- 
lar to double-reinforcement at the center of a span with the 
exception that the compressive and tensile stresses about the 
neutral axis are inverted. 

A great deal of care is necessary in designing the supports 
of continuous beams. Many concrete buildings have been built 
with insufficient steel through the top of the supports to take the 
tension and insufficient concrete, or concrete and steel, at the 
bottom of beams at such points to take the compression. With 
such designs, large cracks have occurred at the supports. 

The formulas which are used in the design of double-reinforced 
rectangular beams are derived by means of the same fundamental 
principles as already explained for beams with single reinforce- 
ment. ‘The derivation of these formulas will not be given since 
the method followed is similar to that already outlined in Art. 33. 

In deriving the following formulas the compression in the con- 
crete is assumed to follow the linear law and the tension in it is 
neglected; the formulas then apply to working conditions only. 
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a’, =cross-sectional area of compressive reinforcement (Fig. 76). 
d’' = distance from the compressive face of the beam to the 
plane of the compressive reinforcement. 


’ = ratio of cross-section of steel in compression to cross- 


1 


section of beam above the tensile steel =74 


f’s= unit compressive stress in steel. 


Area of --...., 


brea f= GZ 
steel = Oy 
Area of----- 
tensile 
Steel 
Cross-section Stress Diagram 
Fig. 76. 
Then 
1-k 
fs=fen k (1) 
/ 
, 
f's= f= 
k 
k= sf 2n (> +p) +n*(p + p’)?—n(p+p’) (3) 
; ’ M 
M,=bd?f,L and f.= bat,’ in which (4) 
k 4 np’ d’ d’ 
D=-{1— ——| k-— -——= 
‘( 3 = 3 ; (: ale a (5) 
M,=bd?f,K and f,;= = >> In which 6 
*“TPK (6) 
3 d’ ae ky a 
K=p(1-——)- ay ee 7 
r( ") tals 4 oe 


ey ; 
J's= apy in which (8) 


= 
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»_ kf, kh k a 


k 


The cases which may be met with in practice, with the method 
of solution in each instance indicated, are as follows: 


(1) To determine b and d. 
, 
Assume p, p’, and e 


d 
Solve for k. 
Substitute value of k in formulas for Z and K. 
Substitute ZL and K in formulas for M, and M, respectively. 
Solve for bd? in each case and accept larger value. 
(Remember in this case M, = M, = exterior bending 
moment.) 
(2) To determine moment of resistance. 
a 
Compute p, p’, and c. 
Solve for k. 
Substitute value of & in formulas for Z and K. 
Substitute Z and K in formulas for MW, and M, respectively. 
Solve for M, and M, and take the smaller. 


(3) To determine fiber stresses. 
/ 
Obtain p, p’, and 5 


Solve for k. 
Substitute value of k in formulas for L, K, and L’. 
Solve directly the formulas for f,, f;, and f’s. 

(Note.-—When using formula for shear or for bond stress along 
horizontal tension rods of beams double-reinforced, an average 
value of 7=0.85 may be taken.) 

63. Design of a Continuous Beam at the Supports.—The 
formulas given in the preceding article apply directly to the 
design of continuous beams at the supports. If possible, half of 
the rods on each side should be bent up and extend along the 
top of the beams over the supports. The other rods should 
extend horizontally through the supporting columns. 

In the design of continuous T-beams at the supports the 
student should realize that the flange being under tension, the 
stress in the concrete is negligible above the neutral axis and a 
rectangular section may be considered at such points. The 
method of design is thus similar to the design of a double-rein- 
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forced rectangular beam at the center of span. It should be 
noticed that the Joint Committee allows a higher compression 
in the concrete at the supports than at the middle of the beam, 
because of the fact that the negative moment decreases very 
rapidly and only a short section is under maximum stress. Also, 
a slight excess of stress at this point does not in any way en- 
danger the structure but merely increases somewhat the positive 
moment on the beam. A unit stress of 750 lb. per square inch 
is permitted. (See Art. 40.) 

There are three methods of reducing the compressive stress 
in the concrete at the bottom of the beam over supports: (1) 
by increasing the amount of compressive steel in the bottom 
of the beam; (2) by increasing the area of compressive concrete, 
which may or may not require a flat haunch depending upon 
the width of the support; and (3) by increasing the areas of 
both steel and concrete. In any case the increase must be 
made by trial. If the plan is to deepen the beam appreciably, 
thus forming a flat haunch, the new depth at the support must 
be chosen arbitrarily and the formulas for double-reinforced 
rectangular beams should be employed in order to determine if 
the new fiber stresses are satisfactory. 

Under ordinary conditions the computations for a uniformly 
loaded beam need be made only at one point—that is, at the sup- 
port—since the point to end the slope can be approximately 
figured by the following formula from Taylor and Thompson:! 

Ll M,—M, 


in which an a, 


M,=negative bending moment at the support. 
M,=moment of resistance of the inverted T-beam with- 
out the haunch, governed by the concrete. 
x=length of haunch. 
l=span of beam. 


The above formula is approximate (but sufficiently accurate 
for this work) due to the fact that the point of zero bending 
moment is considered to occur at a distance from the support 
equal to one-fifth the span. By similar triangles (Fig. 77) 

M,—-M, _l M,-—M, 


: 
Me te oe 


5 
The bond stress along the horizontal rods at the top of a 


continuous beam over supports may be found by the same 


1 From Taylor and Thompson's “‘ Concrete, Plain and Reinforced," 2nd edition, page 430. 
Copyright, 1905, 1909, by Frederick W. Taylor. 


i 
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formula as is employed for the tension rods at the end of a simply 
supported beam. However, if bent up rods are employed for 
web reinforcement and if these same rods are employed to take 
the tension over supports, the beam is greatly stiffened and 
the bond stress along the top rods is reduced appreciably below 
that given by the theoretical formula. This bond stress is 
affected by the amount of web reinforcement used in a some- 
what similar manner to the way the bond stress is affected 
along the rods at the end of a simply supported beam. Art. 
38 should be reviewed so that the student will have some guide 


Point of 


bend oe 

zero bendin M-M, | 

moment ata i pouach 

distance of 2 a ai Section at 

pee Ss 1 from Section where ne Ae ss Wom 

section A-A haunch is not moment =Ms> 
necessary Moment=M, e 
Fie. 77. 


as to how much the allowable bond stress may be increased for 
different cases. A careful study of the problems following Art. 
50 will also help to make the matter clear. 

In beams considered uniformly loaded, the rods which are 
bent should extend beyond the center of support at least to 
about the third point (point of zero moment varies for different 
loadings) to provide thoroughly for negative moment, and this 
length should be increased if it is not sufficient to transfer to 
the concrete through bond, the greatest allowable tensile stress 
in the rods. Some designers consider the negative moment 
properly looked after if the top rods are extended only to the 
fourth point. The matter admits of much difference of opinion 
but it would seem well to be conservative in this part of the 
design. 

If half of the rods from each span are used over the support, 
then half of the total number will extend to about the third 
point where the tension due to negative moment becomes zero. 
At this point the shear is only 1/3 of what it is at the end of 
span, if the beam is considered uniformly loaded. Since bond 
stress due to increment (or decrement) tension varies as shear, 
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more than a sufficient number of rods are thus run out to the 
third point, and with the bent rods being added gradually to 
this number until all the rods are acting in this manner at the 
support, it is clear that this method of design is satisfactory 
even when the bond stress at the support is the maximum 
allowable. 

Rods should be bent in a position to take as much diagonal 
tension as possible, usually at an angle of 45 degrees, and the 
points where the rods are no longer needed at the bottom of 
beam to resist tension may be found for uniform loading by the 
formula (see Art. 45). 


= : [Sm 
epee eS (1 em 


It is also necessary to determine where the rods over supports 
may be bent down. It will be on the safe side, and sufficiently 
accurate, to consider the curve for negative moment as a straight 
line between the support and the point of zero moment at the 
third point. With this variation of the moment in mind, it is 
an easy matter to find where the rods may be bent down at the 
top of the beam. The designer must use his judgment in the 
matter, but this much may be said: if a 45 degree angle bend 
cannot be made in a rod, as proposed, due to the controlling 
points for bending at the top and bottom, a greater number of 
rods should be employed at the center of span in order to make 
this bending possible, and the design governed accordingly. It 
is evident from the above that it will not always be possible to 
place the rods so as to take all the diagonal tension; in fact, 
there will be less likelihood than in a simply supported beam. 
It will be advantageous in any case, however, due to the danger- 
ous section for diagonal tension being near the support, to employ 
some stirrups even when they are not theoretically necessary. 
In Volume II will be given a design of a floor system illustrating 
continuous beam design for uniform loads as well as for concen- 
trated loads due to beams running into girders. 

Since a T-beam in the center of span becomes a rectangular 
beam over supports, the stress in the tensile steel at the support 
will generally be greater in ordinary designing than the corre- 
sponding stress at the center of beam; that is, this stress will be 
greater if half the rods are bent up on each side and lap over the 
support. For this reason, then, when selecting the steel at the 
center of span, a little more than the required amount at that 
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point should be chosen. It should be noticed, however, that 
the column has some strengthening action at the support and it 
will not be necessary to keep too closely to the allowable stress. 
Another point. to be noted in the design of a continuous beam 
at the supports is the bond stress of the compressive reinforce- 
ment. The general formula for horizontal shear at any point 
of a beam (see Art. 29) is 
VQ 
Lae 


At the support, the quantities V and I are constant and the 
horizontal shear per linear inch at any horizontal plane is seen 
to be proportional to the statical moment of the effective area 
outside such plane about the neutral axis. At the neutral axis 


this shear per linear inch has been shown to be =F and the 


V 
rad The shear 


per linear inch between the compression rods and the concrete 
will, therefore, very closely equal 

VQ of equivalent compressive steel area 

jd Total Q of compression area 
(By the term equivalent steel area is meant the area of the 
steel multiplied by nm and considered equivalent to concrete at 
the same horizontal plane.) If this quantity be divided by 
So’, considering o’ the circumference of a rod in compression, 
then the result will be the bond per square inch of surface along 
the compression rods. 

Now the total statical moment of the compression area about 
the neutral axis equals the total moment of the tension area, 
which is na,(1—k)d. The moment of the compressive steel is 
equal to na’.(kd—d’). Hence, for bond stress of compressive 
steel per square inch, 


resulting bond per square inch of the surface is 


V _a’,(kd—d’) 
U=Sorjd a(1—h)d 
If now we let d,=diameter of compression rods, d;=diameter 
of tension rods, and 3o0=total circumference of the tension rods, 
then the above formula reduces to 
V _d(kd—d’) 
U=Sojd’* d(i—hd 
This formula shows that the bond stress per square inch for the 
tension and compression rods will be proportional to the product 
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of the diameters by their distances from the neutral axis. Since 
the compressive steel will generally be nearer the neutral axis 
than the tensile steel, it follows that, if the compression bars are 
no larger in diameter than the tension bars, the bond stress per 
square inch will always be less than that of the tension bars and 
the above formula need not be used. 

The formula derived above may be used in any special case in 
designing, but generally it will be sufficient to consider simply 
the compressive stress in the steel and provide a sufficient length 
from this point to the end of the bar to transmit this stress. The 
working strength of the steel in compression cannot be reached 
without exceeding the compressive strength of the concrete in 
which it is embedded. Consequently, in common design it will 
be satisfactory to provide a lap beyond the center of support 
sufficient to take care of compressive stress in the steel equal to 
the maximum as determined by the concrete. 


Illustrative Problem.—A continuous T-beam, uniformly loaded, has a 
bending moment at the center of each span of 358,000 in.-lb. Negative 
bending moment at the supports and the positive bending moment at the 


The tensile steel at the 


wl? 

12° 
center of span consists of four 3/4-in. round rods. 0’=9in. d=15.5 in. 
Design the supports using working stresses recommended by the Joint 
Committee. 

At the supports the flange of the T-beam, being in tension, is negligible 
and the T-beam changes into a rectangular beam with steel in top and 
bottom. Two of the tensile rods on each side of the supports will be bent 
up and made to lap over the top of the supports, while the other two rods 
on each side will be continued straight and lapped over supports at the 
bottom of beam. It will be assumed that the steel at the center of span 
has already been chosen so that this may be done. 

The ratios of steel in tension and compression are the same, and are 
respectively: 


center of span are figured by the formula 


a ,_ {4) (0.4418) 
~P = "(9)05.5) 


With these values of p and p’, and n=15, also assuming . =0.1 (this value 


=0.013 


is assumed simply to make it easier for the student to check up the com- 
putations—in practice, the correct ratio should be taken) we obtain the 
following from equations (3), (5), (7), and (9), of Art. 62: 2=0.291, 
K=0.0115, and L/ =0.0266 

Maximum pressure in concrete is 


Se= () TEE NOOD = 570 Ib. per square inch, by formula (4) 
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Also, 
3 : 
Je = acca =14,400 Ib. per square inch by formula (6) 
358,000 


ie (9) 5.5) *(0.0266) = 5600 Ib. per square inch, by formula (8) 
Allowable compression in concrete at the support is thus satisfactory, and 
no haunch is necessary. > 

The value of f’s can always be determined as above, but it is seldom 
desired as the working strength of the steel in compression cannot be 
reached without exceeding the compressive strength of the concrete in 
which it is embedded. With n=15, the allowable stress in the steel cannot 
exceed 15 times the compressive strength of the concrete. 

Illustrative Problems.—A continuous T-beam with b’=14 in., and 
d=26.5 in. has a negative bending moment at the supports of 2,000,000 
in.-lb., and has equal spans of 18 ft. Reinforcement at supports consists 
of 7/8-in. round rods. Eight bars are in tensile and four in compressive 
part of beam. Hence, “ 

4.81 
eyes 
0.0130 
2 


Ratio tension steel 


= 0.0065 


Ratio compression steel, p’ = 


7 
With these values of p and p’ and n=15, also assuming a" =0.1, we 


obtain from equations (3) and (5), L=0.243, and from equation (4). 
ae 2,000,000 
© (14) (26.5) ?(0.248) 
which is excessive, only 750 lb. per square inch being allowed, or a stress 
15 per cent greater than at the center of span. 


= 836 lb. per square inch. 


, 
For depth of haunch assume 2 =0.1 and try d=29 in. For this depth of 


d 
beam the ratios of steel in tension and compression change to 
26.5 
-p =0.0130 ea) =0.0119 
1 0-071 = 0.0059 


The corresponding value of L =0.233 and K=0.0104. The maximum com- 
pression in the concrete 
2,000,000 
Se= (14) (29)? (0.233) 
and maximum tension in steel 
2,000,000 
fs= (14) (29)2(0.0104) 
This stress is allowable and the depth of haunch from top of beam of 29 in, 
will be accepted. 
Using the formula (4) 
M,, = (750) (14) (26.5)?(0.242) = 1,780,000 in.-lb. 
M,=2,000,000 in.-lb. 


=729 lb. per square inch 


=16,300 lb. per square inch 
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Hence, from formula in Art. 63, the length of haunch 


2 
18,,_220,000 


ae 2 000,000 °L2) oe 


Ho 


Since maximum negative moment occurs in middle of column and 
necessary length of haunch is only 4.75 in., no haunch will be introtuced 
outside of the column. 


53. 


54, 


55. 
56. 


57, 


58. 


59. 


PROBLEMS 


Determine the economical depth of a T-beam ina floor system. Thick- 
ness of floor slab-is 4 in. Maximum shear=16,000 lb. Maximum 
moment =600,000 in.-lb. Assume the ratio of unit cost of steel to 
cost of concrete=60. Use working stresses recommended by the 
Joint Committee. 

A T-beam has the following dimensions: b=48 in., £=6 in., d=22 in., 
and b’=10 in.—the steel consisting of six 3/4-in. round rods. Take 
fs =15,000, f, =600, and n=15. What is the safe resisting moment 
of the beam? 

Change t of Problem 54 to 4 in. and find the safe resisting moment. 
Make a complete design of a T-beam with span of 30 ft. Live load= 
3800 lb. per foot. Assume dead load=1000 Ib. per foot. The beam 
is simply supported and the flange does not form a part of a floor 
system already determined. Use working stresses recommended by 
the Joint Committee. Take b’=17 in. and ¢=10 in. Select required 
steel area from 1 1/8-in. and 1-in. round rods. 

A beam of which b=14 in. and d=20 in. has 2 per cent of tensile 
steel and 1 per cent of compressive. What is the safe resisting moment 


of the beam? Assume i? =0.1 and use stresses recommended by the 


Joint Committee. 

Suppose the beam in Problem 57 were subjected to a bending moment 
of 1,500,000 in-lb.; what would be the resulting fiber stresses, f,, fs, 
and f’,? 

Suppose the conditions met in Problem 58 occurred at the supports 
of a continuous beam with equal spans of 30 ft. Design the necessary 
haunch. Take d=23 in. 


CHAPTER VI 
COLUMNS 


Concrete columns may be divided into five classes, as follows: 


1. Plain concrete columns. 

2. Columns reinforced with longitudinal rods only. 

3. Columns reinforced with bands or spirally wound metal, 

called hooped columns. 

4. Columns reinforced with both hoops and longitudinal rods. 

5. Columns reinforced with structural steel shapes. 

It is generally conceded that long columns should be avoided 
because of the fact that any variation in the quality of conerete 
affects the strength more seriously than in any other structural 
form, and also because of the fact that for such columns very 
little data is available from tests. The use of reinforced columns 
should be limited to a length of about 15 diameters and for this 
reason the strength of longer columns will not be considered in 
the discussion which follows. 

64. Plain Concrete Columns.—In the testing of plain concrete 
columns, two distinct forms of failure have been observed: (1) 
a diagonal shearing failure, and (2) afailure by gradual crushing. 
The failure by diagonal shearing is sudden, the columns breaking 
suddenly with a loud report and without warning. ‘The failure 
by gradual crushing may be considered as due to simple com- 
pression, the breaking down not being discovered until the 
weighed load begins to decrease and the point of failure not being 
determined until the machine produces a further shortening of 
the column. For both forms of failure, however, the ultimate 
strength of a column could be predicted if a stress-deformation 
diagram were developed with the progress of the test. It has 
been found that rich mixtures tend to give the diagonal shearing 
type of failure, and columns with lean mixtures generally give a 
failure of the simple compression type. 

But few comparative tests of cylinders and columns are avail- 
able, but these indicate that the strength of the column and of 
the cylinder very nearly agree. (For the relation of crushing 
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strength of cylinders to crushing strength of cubes, see Art. 10). 
Strength of plain concrete columns of an average 1:2:4 mixture 
at 60 days may be taken at about 1800 lb. per square inch al- 
though tests made at the University of Wisconsin in 1908 
indicate that, with careful workmanship and testing, an average 
value of about 2000 Ib. per square inch can be obtained. Plain 
concrete is entirely suitable for short columns up to lengths of 
6 to 10 diameters, but for more slender proportions hooped or 
banded columns are much to be preferred. The Joint Committee 
recommends that the length of a plain concrete column be limited 
to 4 diameters. _ 

The compressive strength of concrete is approximately pro- 
portional to the amount of cement which it contains, so that 
increasing the richness of the concrete in 
either a plain or reinforced column is an effec- 
tive means of strengthening the column to 
permit smaller section. Tests show that for 
a 1:2:4 plain concrete column there is no 
excessive variation in individual tests. For 
a weaker mixture than this, however, the 
individual tests are much more at variance, 
indicating greater unreliability. A rich mor- 
tar for the above reasons may often prove to 
be the more economical in column construc- 
tion. 

Bending stresses in columns due to ec 
centric loads must be provided for by increas- 
ing the section until the maximum stress does 
not exceed the allowable. A formula for 
homogeneous columns follows, and formulas 

Fia. 78. applicable to reinforced concrete will be given 
under “ Bending and Direct Stress.” 

The ordinary formula for the compressive fiber stress due to 
eccentric loading upon solid rectangular columns of homogeneous 
materials (Fig. 78), is as follows: 

k=total load. 

A=area of column. 

Lo =eccentricity. 

t=breadth of column. 

fc=total unit pressure on outer fiber nearest to line of vertical 

pressure. 
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Then 


f(t 


and the additional intensity of compressive stress due to eccentric 


loading is seen to be equal to = The above formula may 


_be used for columns of plain concrete. 

65. Columns with Longitudinal Reinforcement.—Since the 
modulus of elasticity of a material is the ratio of stress to de- 
formation, it follows that for equal deformations the stresses in 
the steel and concrete of a concrete column will be as their 
moduli of elasticity. Thus, 


Dae or f= fon 


Let A denote total cross-section of column. 
A, denote cross-section of concrete. 
A, denote cross-section of steel. 


p denote longitudinal steel ratio = 70 . 
jf- denote stress in concrete. 
jf; denote stress in steel. 


n denote ae 

LE. 
P’ denote total strength of a plain column for the stress f,. 
P denote total strength of a reinforced column for the 


stress fo. 
Then, P'=f,A 
or P=f,A.+f:A.=f-(A—pA) +f.npA 
Thus; P=f-A[1+(n—1)p] (1) 
from which also 
ee fe (2) 
The relative increase in strength caused by the reinforcement is 
ea ee (3) 
—pr- = (n—1)p 


Tests of columns made at the Massachusetts Institute of 
Technology, the Watertown Arsenal, the University of Wisconsin, 
and the University of Illinois, on columns with vertical steel bar 
reinforcement, indicate that the steel may be counted upon in 
design to take its portion of the loading as computed from equa- 
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tion (1). Also the value of 15 for n, assuming a 1:2:4 mix, is 
found to give very conservative results when employed in the 
above formulas. In this form of column the concrete fails 
suddenly and in a manner similar to the diagonal shearing failure 
of a plain concrete column. 

The density and rigidity of the concrete when steel is employed 
is apt to be less than in the plain column, so that for small 
percentages of longitudinal reinforcement the gain in strength is 
small. On the other hand, it is undesirable to use high per- 
centages of reinforcement as the strength of such columns is not 
well determined. If great strength is desired, an increase in the 
proportion of cement is preferable to a high percentage of steel. 
The riveted column unit has advantages over the separate rod 
reinforcement if large amounts of steel are required. 

Where the concrete is depended upon to fireproof the steel in 
a column, a certain thickness should be deducted in calculating 
strength. As already mentioned, the necessary thickness for 
fireproofing is about 2 in., but if 1 1/2 in. be deducted all around 
in calculating strength this will amply provide for the weakening 
effect of fires. A less thickness than this should be sufficient 
where the contents of a building are not especially inflammable. 

In the construction of columns the reinforcing bars should be 
straight, and great care should be exercised in keeping them in 
place during the pouring of the concrete. Assuming a load 
uniformly distributed over the cross-section of the column, the 
reinforcing rods should be arranged symmetrically over this 
area. Ultimate failure is sometimes due to the buckling of the 
reinforcement causing the outside concrete to scale and, for this 
reason, at least 1 1/2 in. of concrete should cover the rods on the 
outside. The rods should also be held securely in place by wiring 
or banding the rods together at intervals of about a foot, but 
such banding cannot be considered as hooping in the sense usually 
employed. As will be seen later, hooping to be effective must 
be spaced relatively close. Vertionl reinforcement held in place 
by hoops is shown in Fig. 79. 

In splicing columns, large rods (or structural shapes) should 
have their ends planed true and well spliced. The splicing of 
the large rods may be effected by placing a pipe-sleeve over the 
upper end of the lower bar and projecting above it, and then 
setting the lower end of the upper bar within the pipe and resting 
upon the lower bar. The rods should either be grouted in place 


*) whgeyt 


COLUMNS 171 


or else the diameter of the sleeve should not be over 1/16 in. 
larger than the diameter of the rod. All such splices should 


‘be made above the floor level but not more than 12 in. above 


the same. When small diameter rods are used, say up to 1 1/4 
in., joints in the vertical steel may be provided for by over- 
lapping a sufficient distance to develop the requisite bond 
strength, and the lapped rods should be securely wired or bolted 
to each other. It is much better to avoid splices in a column 
between lateral supports. In footings where the length of 
embedment is not sufficient to take all the stress, large rods 
(or shapes) should rest upon suitable base plates in the foun- 
dation concrete. 

The economy of steel reinforcement is dependent upon the 
working stresses permissible in the concrete and the value of 
m, since the stress in the steel=f,n. The following table gives 


the various values of = and f, for different stresses in the concrete 


and different moduli of elasticity: 


Values of Z for 
fe n 
p=0.01 p=0.02 p=0.03 p=0.04 ts 

| 
450 | 10 490 531 571 612 4500 
poets 513 576 639 702 6750 
20 535 621 706 792 9000 
550 10 599 649 698 748 5500 
15 627 704 781 858 8250 
20 654 759 863 968 11000 
650 10 708 767 825 884 6500 
15 741 832 923 1014 9750 
20 773 897 1020 1144 13000 
750 16 817 885 952 1020 7500 
15 855 960 1065 1170 11250 
20 892 1035 1177 1320 15000 


It should be noted in the table that the stresses in the steel 
will be relatively low except in the unusual combination of 
high working stresses in the concrete with large value of n. 

66. Columns with Hooped Reinforcement.—Whenever a 
material is subjected to compression along one axis, then, as 
a consequence, there will be an expansion of the material along 
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axes which are perpendicular to the one first considered. Thus, if 
the material of a column is held laterally, then lateral compressive 
stresses are developed which tend to neutralize the effect of the 
longitudinal compressive stresses and thus to increase the 
resistance against failure. This is the principle involved in 
the spiral or banded column. Fig. 80 shows a spiral form of 
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reinforcement. Longitudinal crimped spacing bars serve to 
maintain a uniform pitch. Banded reinforcement is similar 
to that shown in Fig. 79 with the exception that the clear spacing 
of the bands to be effective must not be greater than about 
one-sixth the diameter of the enclosed column. The same 
limit as regards spacing applies to spirals. 

The yield-point is taken to be the point on the stress-defor- 
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mation diagram where the rate of deformation increases rapidly. 
It is very nearly the deformation at which plain concrete would 
fail. Theoretically it can be shown that within this limit of 
elasticity the hooped reinforcement is much less effective than 
longitudinal reinforcement, but that such reinforcement may 
be quite effective in increasing the ultimate strength of the 
column. The results of tests verify the theoretical conclusion. 
The ultimate strength is found increased, but the shortening of 
the column is so great at a comparatively early period in the 
loading, that the safe strength cannot be based directly on the 
ultimate strength. Concrete expands laterally only a very 
small percentage of its vertical deformation or shortening, so 
that the hoops do not come much into play until the concrete 
has shortened to an extent such that its elastic limit has been 
passed. Under further loading, however, the concrete is 
prevented by the hooping from actual failure, but continues 
to expand laterally until final failure occurs by the breaking of 
the wire or by its excessive stretching. It is also found that the 
shell of concrete outside of the hooping, which is necessary for 
fireproofing and for the protection of the steel, begins to crack 
and peel off at about the same load as that which causes complete 
failure in plain concrete columns. If hooping is not continuous 
or rigid, it will also peel off with the surface concrete so that the 
effective strength of the column will be no greater than a similar 
one of plain concrete. 

67. Columns with Hooped and Longitudinal Reinforcement.— 
The addition of bands or spirals to columns having longitudinal 
reinforcement does not have much effect upon the deformation 
of such columns up to the point of failure without hooping. In 
fact the elastic limit and rigidity of the column appears to be 
decreased if anything. The effect of such hooping, however, 
raises slightly the ultimate strength and increases the capacity 
of the column to deform at loads beyond the elastic limit, so 
that a somewhat higher working stress may be employed on 
the concrete than for plain concrete columns. Tests show that 
about 1 per cent of a closely spaced spiral of high carbon steel 
is sufficient to prevent the longitudinal rods from bulging outward 
and will provide a satisfactory amount of toughness with a 
corresponding raising of the ultimate strength beyond the elastic 
limit. Vertical reinforcement combined with spiral hooping is 
shown in Fig. 81. 
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68. Columns Reinforced with Structural Steel Shapes.—If a 
structural steel column is designed to take all the load and then 
is simply fire-proofed with a covering of concrete, it cannot 
properly be called a reinforced concrete column. To be classed 
under this heading the steel must be designed so that it takes a 
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load in combination with the concrete; that is, the steel must be 
figured in the same way as vertical rods and the stresses deter- 
mined by the formulas previously given. 

Structural steel reinforcement is sometimes in the form of a 
cross in the center of the column or more often angles are 
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employed connected by riveted latticing. (Fig. 82.) Tests of 
columns of this character generally show lower ultimate strength 
than similar columns reinforced with the same quantity of steel 
in the form of vertical rods. This is most likely due to the 
difficulty of properly placing the concrete around the steel, 
and, furthermore, to the fact that the adhesion of concrete 
to steel where the latter presents broad flat surfaces is not 
good. 

It is often advantageous to employ steel columns for reinforce- 
ment and arrange them to carry the false work and dead load of 
two or more floors, thus enabling the placing of concrete to 
proceed simultaneously on several floors. The initial dead load 
stress applied to the steel of the column in this way enables 
higher steel stresses to be used. In other words, this initial 
stress need not be counted with respect to the stress in the 
concrete, but the total stress in the steel must be looked to in 
order to make sure that the allowable stress per square inch 
is not exceeded. 

To be able to count upon the concrete in columns reinforced 
with structural forms, the concrete should be well enclosed either 
by the steel form itself or by means of bands orhooping. However 
when the amount of steel becomes very large, the relative value 
of the concrete becomes more uncertain, and it would be good 
design to neglect its element of strength. 

69. Tests on Plain and Reinforced Concrete Columns.— 
Important tests have been made on plain and reinforced concrete 
columns at the Watertown Arsenal, the Massachusetts Institute 
of Technology, the University of Illinois, and the University of 
Wisconsin. Similar conclusions have been reached in each case. 
Some of the tests made at The University of Wisconsin will be 
described as indicating in general what results may be expected 
from any series of tests. 

All columns of the series to be described were 10 ft. long with 
a 1:2:4 concrete mix throughout. Columns were reinforced 
(Fig. 83) as follows: : 


YA is. Se: Oa none. 

bp NSD Wie Pipes et ne eae reinforcement shown in Fig. 82. 
Cio 0 sl OPS Cpe rare reinforcement shown in Fig. 80. 
PENDS PID Pe ee ea reinforcement shown in Fig. 81. 


Di igts Lo ginia sp s10:'tia 02 reinforcement shown in Fig. 79. 


176 REINFORCED CONCRETE CONSTRUCTION 


Columns A, to B, were squares 12 in. on a side, and C, to EL, 
were octagons 12 in. on short diameters. The reinforced columns 
of this series were all made with a protective shell 2 in. thick. 
In order to study the behavior of this shell and its effect on 
the strength of the test piece, it was removed from columns 
B,, By, and C, before testing. Thus B, and B, with the outside 
shell knocked off had a cross-section 8X8 in., and C; when 
stripped of its outside shell before testing had a cross-section in 
the form of a circle 10 in. in diameter. 

Columns B, and B, exhibited considerably more toughness 
than did the plain columns. These columns, outside shell 
removed, sustained an average ultimate load of 239,50) lb. 
(3740 lb. per square inch). A plain concrete column of the 
same size, namely, 8X8 in. and composed of the same concrete, 
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sustained’ 120,600 lb. (or 1880 lb. per square inch). Also, a 
steel column similar to the reinforcement in these columns failed 
under a load of 138,000 Ib. To quote from Prof. M. O. Withey’s 
paper “before the American Society for Testing Materials, 
Volume IX, 1909: . . . . . “A comparison of these figures 
indicates the value of the reinforcement and also shows a means 
of increasing the strengths of hollow steel columns by filling 
the inside with concrete. In the tests of columns B, and By, 
the area of the outside shell was so large in proportion to the 
area of the core that the value of this form of reinforcement 
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was obscured. The results of tests of these two columns, 
together with those of columns B, and B,, indicate that the 
~ protective shell does not carry its share of the load in this type 
of column, especially when there is relatively little direct bond 
between it and the concrete core. . . . . . A comparison of 
the stresses sustained by the column before and after the shell 
was removed shows that the shell sustained only about 40 per 
cent of the average unit stress carried by the entire cross-section. 
However tests of these two columns revealed that the protective 
shell remained intact until the yield point of the steel was passed. 
The point on the stress-deformation curve at which this outside 
coating began to crack is indicated by a cross in Fig. 83. These 
tests demonstrate that this type of column possesses considerable 
toughness and a high load-carrying capacity; that the steel and 
concrete act together in carrying the load and in resisting 
deformation; and that the protective coating, although it remains 
intact until the yield point of the steel is passed, should not 
be counted upon to resist deformations or stresses. 

“Columns E, to EF, exhibited considerable stiffness when 
tested. No cracks of ‘any consequence appeared until the 
deformations indicated that the yield point of the steel had been 
reached. At this point, however, owing to insufficient lateral. 
support offered by the widely separated 1/4-in. ties, they failed 
very suddenly. The increase in strength for each per cent of 
longitudinal reinforcement for these columns, over the strength of 
the plain columns A, to A,, is approximately 156 lb. per square 
inch. These columns were lacking in toughness and did not 
have a high ultimate strength. 

“The preliminary tests of the spiral columns C, to D, demon- 
strated that this type of column has great toughness and a high 
ultimate strength, which is accompanied by large deformations 
and deflections. By comparing the test records and the stress- 
deformation curves for columns D, to D,, which had vertical 
reinforcement, it was observed that the outside shell of concrete 
cracked at about the same time that the stress in the steel 
reached the yield point. As may be seen in Fig. 83, the stress- 
deformation curves for columns C, to C, are practically the same 
up to a stress of 1600 Ib. per square inch. As the shell concrete in 
columns C;,, C,, and C, cracked at about this stress, it seems 
evident that the shell and core act in unison up to this point 
in this type of column. However as the shell on a column in 
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a building is liable to be greatly weakened by a fire, its strengthen- 
ing and stiffening value should be neglected in such design.” 

In the experiments above referred to, it was also found that 
the yield point of columns reinforced with both spirals and 
longitudinal rods is closely given by the formula 


1g 
a =(1—p)fet+pfs 
and the ultimate strength approximately by the formula 
=(1—p)fe+pfst+0.12f".V p’ 


In these formulas, P,=load at yield point, P=maximum load, 
A =area of column inside of spiral, p=percentage of lateral steel, 
=ultimate compressive strength of concrete, fs=yield point of 
longitudinal steel, and f’;=yield point of lateral steel. The 
spiral steel is not included in the first formula as its effect on 
the yield point is very small. 

From the above and other tests made at The University af 
Wisconsin during the year 1909, Prof. Withey draws the follow- 
ing conclusions: 

“1. A small amount, 0.5 to 1 per cent of closely spaced lateral 
reinforcement, such as the spirals used, will greatly increase 
the toughness and ultimate strength of a concrete column, but 
does not materially affect the yield point. More than 1 per cent 
of lateral reinforcement does not appear to be necessary. The 
use of lateral reinforcement alone does not seem advisable. 

“2. Vertical steel in combination with such lateral reinforce- 
ment raises the yield point and ultimate strength of the column 
and increases its stiffness. Columns reinforced with vertical 
steel only, are brittle, and fail suddenly when the yield point of 
the steel is reached, but are considerably stronger than plain 
columns made from the same grade of concrete. 

“3. Increasing the amount of cement in a spirally reinforced 
column increases the strength and stiffness of the column. A 
column made of rich concrete or mortar and containing small 
percentages of longitudinal and lateral reinforcement, is without 
doubt fully as stiff and strong and more economical than one 
made from a leaner mix reinforced with considerably more steel. 
In these texts, doubling the amount of cement increased the yield 
point and ultimate strength of the columns without vertical 
steel about 100 per cent, and added about 50 per cent’ to the 
strength of those reinforced with 6.1 per cent vertical steel. 
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“4, From the behavior under test of the columns reinforced 
with spirals and vertical steel and the results computed, it would 
seem that a static load equal to from 85 to 40 per cent of the 
yield point would be a safe working load. 

“5. The results obtained from tests of columns reinforced with. 
structural steel indicate that such columns have considerable 
strength and toughness, and that the steel and concrete core 
act in unison up to the yield point of the former. The shell 
concrete will remain intact until the yield point of the steel 
is reached, but no allowance should be made for its strength or 
stiffness. 

“6, As many of the blotters on the tops and bottoms of columns 
bore imprints of the vertical steel after failure, it would seem a 
safe precaution to use bed plates at the foundations for such 
columns, and thus prevent any possiblity of the steel punching 
through the concrete under an excessive load.” 

- Further experiments made in 1910 at The University of Wis- 
consin were for the purpose of making a detailed study of the 
strength and elastic properties of columns reinforced with spirals 
and longitudinal rods. To quote from Bulletin No. 466 of the 
University written by Prof. Withey:. . ... ‘The tests were 
made to obtain some data relating to 1, the effect of varying the 
percentage of spiral reinforcement; 2, the effect of varying the 
percentage of longitudinal reinforcement; 3, the effect of varying 
the richness of the mixture; 4, the effect of a small number of 
repeated loadings; 5, the effect of maintaining a constant load for 
different time intervals; 6, the behavior of columns eccentrically 
loaded; 7, the relative value of plain and deformed bars for longi- 
tudinal reinforcement; 8, the effects of differences in end condi- 
tions. All told, 66 columns of commercial size were made and 
tested. 

“Tt is customary in good practice to encase all column rein- 
forcement in a shell of concrete about 2 in. thick. This 
shell is provided to protect the reinforcement against fire and 
rusting. Since this coating is liable to be injured or destroyed 
in various ways its strength should not be considered in structural 
design. Consequently, the core, or portion of the column inside 
the spiral, should be proportioned to carry the entire load. It, 
therefore, seemed desirable to make the protective shell on these 
columns as thin as possible in order that the properties of the 
core might be more readily observed.” 
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Prof, Withey draws the following general conclusions from the 
results of these tests: 

“1, If materials can be obtained at average unit prices, rich 
mixtures are more economical than lean ones. Considering 
materials similar to those employed herein, the more economical 
mixtures will be produced if the proportion of cement to aggre- 
gate, by weight lies between 0.2 and 0.7. 

“9, Although the yield point of a reinforced concrete column 
is practically independent of the percentage of spiral reinforce- 
ment, the ultimate strength and the toughness are directly 
affected by it. On account of the excessive deformations accom- 
panying loads beyond the yield point, on account of the prob- 
ability that both yield point and ultimate strength are less in 
repeated or long time load tests than in the progressive load 
tests ordinarily made in the testing machine, and on account of 
the uncertainties which always surround the hypothesis adopted 
in designing, good practice demands that only a portion of the 
stress producing disintegration of the outside shell be used as a 
working stress. Consequently, only enough lateral reinforce- 
ment is needed to prevent the longitudinal rods from bulging 
outward, and to provide an additional factor of safety against 
an overload by increasing the toughness and raising the ultimate 
strength somewhat above the yield point. From these tests 
1 per cent of a closely spaced spiral of high carbon steel seems 
to be sufficient for this purpose. 

“3. By the addition of longitudinal steel the yield point, 
ultimate strength, and stiffness of a spirally reinforced column 
can be considerably increased. If maximum economy in floor 
space is desired, if a column is so long or is so eccentrically loaded 
that tension exists on a portion of the cross-section, or if a large 
dead load must be sustained by the column while the concrete is 
green, a high percentage of longitudinal reinforcement may often 
be advantageously employed. Such reinforcement is also a valu- 
able safeguard against failure due to flaws in the concrete. If the 
cost of cement is extremely high, it may be economical to use a 
leaner mixture than suggested in (1) and considerable longitudinal 
steel to increase the stiffness and strength. In general, how- 
ever, cement is a more economical reinforcement than steel. 
Therefore, for ordinary constructions it does not seem advan- 
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tageous to use in combination with a rich concrete more than 
2 or 3 per cent of longitudinal steel. 

“4. The amount of data presented on tests of columns sub- 
jected to repeated or time loadings is far too small to warrant 
drawing definite conclusions as to the limiting stress for repeated 
loadings which will hold true for all kinds of columns and for an 
infinite number of repetitions, or for a prolonged loading. 
However, it does appear from the results presented that there is 
practically no increase in set or deformation after a few repetitions 
of loads equal to 40 to 50 per cent of the yield points of the 
columns tested. The results of the repeated load tests also 
plainly indicate that there is considerable additional strength 
and toughness afforded by the spiral after the yield point of the 
longitudinal steel has been passed. That all of this additional 
strength may not be permanent is suggested by the slopes of the 
deformation-time curves for two of the columns. 

“5. The close agreement between theoretical values and values 
derived from test data shows that the formula commonly used in 
designing short homogeneous columns eccentrically loaded, may 
be applied to reinforced concrete columns, provided suitable 
allowance be made for the steel. 

“6. The strength of a column resting upon a footing will be 
about as great as when bedded on a metal plate, provided con- 
siderable lengths of the longitudinal reinforcing bars are bent 
outward into the slab or footing. The results given show that 
the use of metal base plates and longitudinal steel milled to their 
required length leads to greater uniformity and strength. 

“7. Although only a few test pieces were reinforced with corru- 
gated bars of high carbon steel, the results were so uniform and 
the strength so high that attention should be called to this type 
of reinforcement. It is quite evident that, with certain ratios of 
unit prices, the use of deformed bars with high elastic limits will 
be more economical than the use of plain round bars of mild steel. 

“8. Briefly summarizing the foregoing, it seems economical to 
use for reinforced concrete columns a very rich mixture, and 
advantageous to employ about 1 per cent of closely spaced high 
carbon steel lateral reinforcement combined with two or three per 
cent of longitudinal reinforcement. From the test data pre- 
sented it seems apparent that such columns, centrally loaded, 
may be subjected to a static working stress equal to one-third of 
the stress at yield point.” 
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The column A4, shown above, illustrates a diagonal shearing failure in a 


plain concrete column. The failure was sudden—the column breaking with 
a loud report. 
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As soon as the yield point had been reached in the vertical steel of column 
E2, shown above, failure occurred suddenly owing to the insufficient lateral 
support offered by the widely separated bands. The concrete failed in the 
same way asin some plain columns. ‘The reinforcement, of course, buckled 
between the 1/4-in. ties. 

The above illustration (column J2) shows the great ductility of a column 
reinforced with both spiral and longitudinal steel. 

13 
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70. Working Stresses.—The following recommendations are 
made by the Joint Committee’ for the relative working stresses, 
‘in the concrete for the several types of columns: 


(a) Columns with longitudinal reinforcement to the extent of not leas 
than 1 per cent and not more than 4 per cent, and with lateral ties of not 
less than 1/4 in. in diameter, 12 in. apart, nor more than 16 diameters 
of the longitudinal bar; the unit stress recommended for axial compres- 
sion, on concrete piers having a length not more than four diameters, 
in Art. 40. ; 

-(6) Columns reinforced with not less than 1 per cent and not more 
than 4 per cent of longitudinal bars and with circular hoops or spirals 
not less than 1 per cent of the volume of the concrete and as herein- 
after specified: a unit stress 55 per cent higher than given for (a), 
provided the ratio of unsupported length of column to diameter of the 
hooped core is not more than 10. 

The foregoing recommendations are based on the following 
conditions: 

' It is recommended that the minimum size of columns to which the 
working stresses may be applied be 12 in., out to out. 

In all cases longitudinal reinforcement is assumed to carry its pro- 
portion of stress in accordance with the values of n given in Art. 40. 
The hoops or bands are not to be counted on directly as adding to the 
strength of the column. 

Longitudinal reinforcement bars should be maintained straight, and 
shall have sufficient lateral support to be securely held in place until 
the concrete has set. 

Where hooping is used, the total amount of such reinforcement shall 
be not less than 1 per cent of the volume of the column, enclosed. The 
clear spacing of such hooping shall be not greater than one-sixth the 
diameter of the enclosed column, and preferably not greater than one- 
tenth, and in no case more than 21/2in. Hooping is to be circular and 
the end bands must be united in such a way as to develop their full 
strength. Adequate means must be provided to hold bands or hoops * 
in place so as to form a column, the core of which shall be straight and 
well centered. The strength Ms hooped columns depends very much 
upon the ratio of length to diameter of hooped core, and the strength 
due to hooping decreases rapidly as this ratio increases beyond five. — 
The working stresses reeommended are for hooped columns with a length 
of not more than ten diameters of the hooped core. The Committee 
has no recommendation to make for a formula for working stresses for 
columns longer than ten diameters. 

Bending stresses due to eccentric loads, such as unequal spans of 

‘Form given corresponds essentially with the 1917 Report of the Rein- 
forced Concrete Committee of the American Society of Civil Engineers. 
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beams, and to lateral forces, must be provided for by increasing the 
section until the maximum stress does not exceed the value above 
specified. Where tension is possible in the longitudinal bars of the 
column, adequate connection between the ends of the bars must be 
provided to take this tension. 

Composite columns of structural steel and concrete, in which the steel 
forms a column by itself, should be designed with caution. To classify 
this type as a concrete column reinforced with structural steel is hardly 
permissible, as the steel generally will take the greater part of the load. 
When this type of column is used, the concrete should not be relied upon 
to tie the steel units together nor to transmit stresses from one unit to 
another. The units should be adequately tied together by tie-plates 
or lattice bars, which, together with other details, such as splices, etc., 
should be designed in conformity with standard practice for structural 
steel. The concrete may exert a beneficial effect in restraining the steel 
from lateral deflection and also in increasing the carrying capacity of 
the column. The proportion of load to be carried by the concrete 
will depend on the form of the column and the method of construction. 
Generally, for high percentages of steel, the concrete will develop rela- 
tively low unit stresses, and caution should be used in placing dependence . 
on the concrete. 


71. Value of Longitudinal Reinforcement in Columns.— When 
a column is of any considerable length something more than plain 
concrete is desired in practice. Bending moments in such col- 
umns are apt to occur from unforeseen conditions, and tensile 
stresses may be produced which would rupture a column if 
without reinforcement. In very large and relatively short 
columns, little is to be feared from bending stresses, as in such a 
case no resultant stress is likely to occur, but in small sections 
where the danger of imperfect spots in the concrete is greatest, 
steel reinforcement is of great value in producing a more reliable 
structure. 

It should be understood, however, that from a theoretical 
standpoint the use of steel in columns is not economical, From 
equation (1) previously given, we see that with a value of n=15, 
the use of each 1% of longitudinal steel adds 14% to the strength 
of a column, while with 50 as the ratio of cost of steel to cost 
of concrete per unit volume, the increased cost of a column 
with 1% of steel will be 50X1=50%. That is, the relative 
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economy of the reinforced column is ordinarily only 150 7 (6% 


that of the concrete column without reinforcement. 
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Illustrative Problem.—The effective area of a column is 144 sq. in.; load 
to be carried is 80,000 lb.; and working stress on the concrete is 450 lb. 
per square inch. What percentage of longitudinal bars without hooping 
will be required? Take n=15. 

The safe strength of a plain concrete column would be 

144 x 450 =64,800 lb. 
Hence, from equation (2), 
P_ 80 
P’ 64.8 
p=1.7 per cent 

Illustrative Problem.—What sectional area of vertical steel will be 
required for a round column limited to 35 in. diameter, which has to bear 
750,000.1b.? Use 1 per cent of bands or spirals and assume that a pressure 
of 650 Ib. per squere inch may be allowed on the concrete and (650) (15) = 
9750 lb. per square inch on the steel. 

One and one-half inch will be considered a sufficient protective covering 
for the hooped reinforcement. Taking the area within the hooping as ef- 
fective, the safe strength of a corresponding plain concrete column would be 


=1+(15—1)p 


ae (650) = 762)" (650) = 523,000 Ib. 
Hence, from equation (2), 
x a + (15—1)p 
p=3.1 per cent 
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60. What will be the safe strength of a column with a 12-in.x12-in. 
effective cross-section, which is reinforced with 1.3 per cent of vertical 
steel,—the working stress in the concrete being 450 lb. per square 
inch? Take n=15. 

61. The effective area of a column is 196 sq. in. and the load to be carried 
is 120,000 lb. What percentage of vertical steel is required if stresses as 
recommended by the Joint Committee for a 2000 concrete are employed? 

62. Determine the size of square column, reinforced with 2 per cent of 
longitudinal steel, which will be required to support a load of 100,000 
lb. Provide protective covering for steel, and use the working stresses 
as recommended by the Joint Committee. 

63. Find the diameter of a round column, reinforced by 1 per cent of 
hooping and 1 per cent of longitudinal steel, designed to support a 
load of 150,000 lb.; stresses as recommended by the Joint Committee. 

64. Determine the required area of a column 15 ft. high, supporting 800,000 
Ib., and reinforced with 3 per cent. of longitudinal steel and 1 per 
cent of hooping; working stresses as recommended by the Joint 
Committee. 

65. What sectional area of vertical steel will be required for a round column 
limited to 30 in. diameter, which has to bear 500,000 Ib.? Use the 
working stresses recommended by the Joint Committee, 
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CHAPTER VII 
SLAB, BEAM, AND COLUMN TABLES 


72. Illustrative Problems.—Some of the illustrative problems 
of preceding articles will be partly worked out under this heading 
to show the amount of numerical computations which may be 
avoided by the use of tables. Working stresses recommended 
by the Joint Committee will be employed throughout. 

1. Design a rectangular beam to span 40 ft. and to support 600 lb. per 
foot (including weight of beam). Beam is assumed to be simply supported. 

From Table 2, for n=15, f;=16,000, and f, =650. 

K=107.4 


M aa _ (600) = pe 256,000 ia. 


18400 


2 
se 107.4 


Assume b =18 in. 
ao 3 = 745, or d=27 1/2 in. 
Area of cross-section, bd = (18)(27.5) =495 sq. in. 
az = (495) (0.0077) =3.81 sq. in. 
We shall select four 14-in. round rods=3.98 sq. in. (See Table 1 or 
Table 13.) 
To make clear the method of reviewing beams, let us review the beam 


we have designed. 
as _ 3.98 | 
From table 3, for this value of p, 
k=0.384 7=0.872 


Then, 


1,440,000 : 
Ss= 3.98) (0.872) 27.5) 15,100 lb. per square inch 


(2) (15, 100) (0.0080) 
fo= "0.384 
Column 4 of Table 3 shows that f, =15,600 when f, =650. 
Table 8 could also be used in the design of above beam. 
Table 3 may be employed to find minimum allowable depth of beam for 
a given percentage of steel and various assumed widths. Also, this table 
may be employed to determine the amount of steel for a beam with given 
loading, the stress in the concrete being limited to 650 lb..per square inch 
and the stress in the steel to 16,000 lb. per square inch. 
14 187 


= 630 lb. per square inch 
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To find the depth of beam for a given percentage of steel, select the lower 
value of K on line with the given percentage. This substituted in formula 


M = Kbd?, or d= Je 


gives the smallest permissible depth for various assumed widths. 

To find the amount of steel for a given beam under the conditions above 
stated, compute the value of K from formula M = Kbd?. Locate this value 
either in column (5) or column (7), whichever satisfies the allowed stresses. 
Thus, if K =80, it must be located in column (7) instead of column (5), 
because the latter would give a higher stress in the steel than is allowable. 
The desired ratio, therefore, is 0.0056. If K =112.0, it must be located in 
column (5) because column (7) would give too high a stress in the concrete. 

Table 3 may also be employed to determine the safe resisting moment of 
a given beam. The preceding discussion should make clear the method of 
procedure. 

2. Design a rectangular beam to span 10 ft. and to support a load of 
4900 lb. per foot. Beam is assumed to = simply supported. 


We shall use Table 8 (based on M = cs in the design of this beam. The 


weight of beam will be assumed at 400 Ib. per foot. 

Assuming a width of beam of 14 in., the total load per inch of width is 
5300 
(14) (0.667) 
find that the depth (d), corresponding to a 10-ft. beam with this load, is 23 
in. The area of reinforcement (a,) is shown to be equal to (0.177) (14) =2.48 
sq. in. We shall select ten 9/16-in. round rods =2.485 sq.in. The spacing 
of the rods at the center of beam is shown in Fig. 56. At the bottom of 
Table 8 is given the weight of beam 1 in. wide per linear foot for two rows 
of steel with a total depth of 26 in., and the corresponding weight is (27.1) 
(14) =379 Ib. The assumed and calculated weights do not differ materially 

and the beam as designed will be considered satisfactory. 

3. What safe load per square foot (including dead weight) can be sup- 
ported by a slab 6 in. deep (d=4 3/4 in.) and 10 ft. span, reinforced with 
1/2-in. round rods placed 8 in. apart? The slab is simply supported and 
reinforced in only one direction. 

_ 0.1963 
~ (8) (4.75) 


= 567 lb. per linear foot. Referring directly to the table, we 


=0.0052 


From Table 7, 
for p=0.006 —safe load for slab 6 in. deep (d=4 3/4 in.) ary lb. per sq. ft. 


for p=0.004 —safe load for slab 6 in. deep (d=4 3/4 in.) =——— > ib. per sq. ft. 
562) = 872 
131.0 : 
168.2 safe load, based on Ma" 


(168.2) (0.80) =135 Ib. per square foot, safe load for slab simply supported. 
4. Design a slab to span 6 ft. and to carry a live load of 250 Ib. per square 
foot. Slab is to be fully continuous and reinforced in only one direction. 
From Table 6 for a span of 6 ft., a 3 3/4-in. (d =3 in.) slab, fully continuous. 
is seen to sustain a load of (269)(1.2)=323 Ib. per square foot. Corre- 
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sponding weight of slab is 47 lb. per square foot and the total load for the 
slab to carry is thus 297 lb. This depth of slab will be considered satis- 
factory and is on the side of safety. 

The area of steel per foot of breadth may be taken directly from Table 6 
and, for the depth of slab chosen above, as =0.277 sq. in. From Table 4 
we may use 3/8 round rods spaced 43/4 in. on centers, or 7/16-in. rods 
spaced 6 1/2 in., or 1/2-in. rods spaced 8 1/2 in., ete. 

5. Design the center cross-section of a T-beam in a floor system; the beam 
is to have a span of 12 ft. and be fully continuous. Maximum shear (live 
plus dead) is closely equal to 12,200 lb. Maximum moment (live plus 
dead) =356,300 in.-lb. Supported slab is 6 in. thick. 

The breadth of the flange is controlled by one-fourth the span, or 86 in. 
Using approximate formula (b) of Art. 59, assuming a depth (d) of 16 in. 

M 356,300 


T= 6,00) G30) ee 
and 1CZE 
oe a OS0 
P= 736) (16.0) 0°? 
also, F560 4 
3716-97037 


Referring to Table 9, Part 1, it is seen at once that this beam falls under 
Case I; that is, the neutral axis is in the flange. For the above value of 
p, Table 3 gives 7 =0.914. The corrected value of a, is 


pes 356,300 Steet 
*~Fajd (16,000) (0.914)(16.0) ~~ 
and 0.007 


P~ (36) (16.0) 
From Table 3 the stress in the concrete is found to be 350 lh. per square 
inch. The beam as designed is thus satisfactory. 

’ 6. The flange of a T-beam is 24 in. wide and 4 in. thick. - The beam is to 
sustain a bending moment of 480,000 in.-lb. What depth of beam and 
amount of steel is necessary? 

Try d =18in. Approximately, jd =16in. Then formula (8) or formula 

(b), Art. 59, gives: 


M 480,000 _ ; 
as ag (16,000) (16) =1.88 sq. in. 
and 188 a 4 
P= 24 (18) (18) 0.0043 
also, seated 
qd 18 0.222 
Referring to Table 9, Part 2, 
j =0.911 
for p=0.004 and == 0.222 Bie rave) Stas. di oak {}.2456 
t 7 =0.905 
for p =0.006 and q 0.222 SICA Dp I | fe= 619 
Thus, teers 8 
t 7 =0. 
for p=0.0043 and 47 0-222 Re EN ONS {4,480 
The corrected value of a, is 
pace = 1.84 sq. in, 


(16,000) (0.910) (18) 


190 REINFORCED CONCRETE CONSTRUCTION 


Another and perhaps better method of arriving at the same results is as 


follows: 
M _ 480,000 
oe ~~ (24) (18)? 


For this value of as and for = =(0.222, Table 9, Part 2, shows p to havea 


—6LG 


bd? d 
value between 0.004 and 0.006. 
86.9 61.6 
58.4 58.4 p= 0.004 +557 (0.002) = = 0.0042 
28.5 ae 


fe=456 t3e% 5-2(163)= =475 lb. per square inch. 


ea (0.0042) =1.82 sq. in. 


Suppose that the flange of the above beam had been made 5 in. thick and 
that the depth (d) had been taken at 16 1/2 in. 


Then, 
480,000 _ : 
%=76 000 a4) 714 sq. in. 
and eg. peg: aes 
PSHE 
also, rs = 
a 165 ee : 
Referring to Table 9, Part 2, 
2 ee f 7 =0.901 
for p=0.0043 and 35 0.305 wee \fe= 457 
ee é 7 =0.888 
for p=0.0060 and 47 0:30 Se oe (i — 565 
Thus, 
= i-2 J 7 =0.893 
for p=0.0054 and d =a). 30) 05.4 eeeeee \fe= 527 
The corrected value of ag is 
oe = 2.04 sq. in. 


(16,000) (0.893) (16.5) 
7. Design a T-beam with span of 40 ft. Assume dead load =1400 Ib. 
per foot. Live load =3000 lb. per foot. The beam is to be simply sup- 
ported at the ends and the flange is to be proportioned as well as the web; 
that is, the flange does not form a part of a floor system already determined. 
From Art. 61, b’ =18 in. and d =47 in. are suitable dimensions and a 
thickness of flange of 12 in. is tried. The total bending moment on the beam 
is 10,560,000 in.-lb. 
t 


eo, (ot ahs, te 9) 
a a fave 


From Table 10. 
= 0.414 z2=4.97 jd=42.0 


From Formula (7), Art. 59. 

10,560,000 
(16,000) (42.0) 
The detailed design of this beam has been given at the end of Art. 61. 


ag= 


15.7 sq. in. 


SLAB, BEAM, AND COLUMN TABLES 191 


8. A continuous T-beam, uniformly loaded, has a bending moment at 
the center of each span of 358,000 in.-lb. Negative bending moment at the 


supports and the positive bending moment at the center of span are figured 
J 2 
by the formula, M ee The tensile steel at the center of span consists of 


four 3/4 in. round rods. b’ =9 in. d =15.5 in. Design the supports. 
Two of the tensile rods on each side of the supports will be bent up and 
made to lap over the top of the supports, while the other two rods on each 
side will be continued straight and lapped over supports at the bottom of 
beam. 
The ratios of steel in tension and compression are the same, and are 
respectively: 
eet 
POP = @)(5.5) 
(1.77 in above computations taken from Table 13.) We will assume 


=0.013 


© =(0.1 as before. 


an Table 11, Part 2, knowing p’=p, we obtain 
fore ONUS 2 Sane, { Saal 
ey ae eee { ia ee 
Thus, 
fees NOS See aes. { ge, 


Maximum pressure in concrete is 
= 358,000 
Je= (9) (15.5) ?(0.291) 


=570 lb. per square inch. 


Also, 
358,000 
4Se=@5.5)2(0.0115) 
9. The effective area of a column is 144 sq. in.; load to be carried is 80,000 
b.; and working stress on the concrete is 450 lb. per square inch. What 


= 14,400 lb. per square inch. 


percentage of longitudinal bars without hooping will be required? Take 
n =15. 
The safe strength of a plain concrete column would be 
144 x 450 = 64,800 Ib. 


Hence, - 
From Table 12, for n =15, and p =0.017 
ie 


Thus, 1.7 per cent of steel is required, and 

A, =(144)(0.017) =2.45 sq. in. 
From Table 13, four 7/8-in. round rods will be seen to have about the 
required area. 
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When bands or spirals are used, Table 14 gives the sectional area of 
hooping for a maximum pitch of one-sixth the diameter of the enclosed 
concrete—also for a pitch somewhat less than this but which varies for the 
different column diameters. The spacing in no case is taken greater than 
21/2in. The amount of hooped reinforcement taken is 1 per cent of the 
volume of the column. ‘This conforms to the recommendations of the 
Joint Committee. . 

Let D= diameter of envlosed concrete. 
An= sectional area of one strand of hooping for given pitch. 
P= pitch allowed. 
l,= length of hooping in 1 ft. in height of column. 
Then, for banded reinforcement 


(0.01) (2) (P\sAgad 


Aj;z=0.0025 PD 


Also, 
~D? 
4 


= 


Anln= (12) (0.01) 


37.7D 

P 
Results for banded and spiral reinforcement will not differ appreciably and 
Table 14 may be used for both bands and spirals. 
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In a certain building, it was necessary to space the columns 12 ft. centers 
and to have beams in one direction only. The specifications called for the 
following items: 

For slabs, M =1/12wil?; beams, M =1/10wi?. 


Loadings: 
Dead load, actual weight, concrete weighing 150 lb. per cubic foot. 
Live load, 250 lb. per square foot. 
Unit stresses as recommended by Joint Committee. 

66. (a) What thickness (total) of floor slabs required? 

(b) What will be the spacing of the steel reinforcement if 1/2 in. 
round bars are used? 

67. Design the beams to support the floor, making b’=10 in. and assuming 
weight of beam below slab = 210 lb. per linear foot. Make b’d just large 
enough to resist shear due to load, considering the web properly rein- 
forced. Required: b, d, a,, and the number of 5/8 in. round rods required. 

68. What will be the stress in the concrete at the bottom of the beam at 
the column if one-half of the rods from each side are bent up and the 
horizontal rods are lapped at the support? Use eight 5/8-in. round 
rods at center of span. 

69. A beam 12 in. X22 in. in cross-section has four 7/8-in. round rods 
placed 2 in. above the lower face of the beam. If the allowable stresses 
as tecommended by the Joint Committee are employed 
(a) What uniform load in pounds per linear foot could be applied to 
the span? Span=16ft. M=1/8 wi?. 

(b) What is the maximum stress developed in the steel? 
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Given a column load of 80 tons, what size of square column and what 
total area of steel cross-section is required if 3 per cent of longitudinal 
reinforcement is employed? 

Given a column whose effective dimensions are 20 in. x20 in. and 
whose cross-sectional area of steel amounts to 14 sq. in. What load 
will the column sustain? 


. Given a column load of 200 tons, what will be the design of hooped 


column required, if the area of longitudinal rods is taken equal to 3 
per cent of the sectional area of the enclosed concrete? 


. (a) Using Tables 2 and 3 design a rectangular beam to span 15 ft. 


and to carry a live load of 1500 Ib. per linear foot. Beam is to be 
simply supported. 
(b) Design this beam using Table 8. 


. The flange of a T-beam is 48 in. wide and 4 in. thick. The beam is 


to sustain a bending moment of 800,000 in.-lb. Assume the ratio of 
unit cost of steel to cost of concrete=60. Take b’=9 in. and determine 
the economical depth of beam, also the amount of steel necessary. 
Consider the computed cross-section as sufficient to resist shear. 


TABLE 1.—AREAS, PERIMETERS, AND. WEIGHTS OF RODS 


Round rods Square rods 
Size weve Perimeter Wie ae Soke Perimeter Wisiene 
A square e—. per foot square 3 per foot 
inches : inches fee inches 
inches pounds inches pounds 
t 0491 785 Bs by -0625 1.000 21 
vs -O767 -982 -26 0977 1.25 .383 
1104 1.178 -38 .1406 1.50 48 
Ys -1503 1.374 dL 1914 WD) 65 
.1963 CURES -67 - 2500 2.00 .85 
ts 2485 1.767 85 3164 2.25 1.08 
3 3068 1.964 1.04 -3906 2.50 1°33 
th 3712 2.160 1.26 4727 Zeta 1.61 
4418 2.356 1.50 -5625 3.00 1.91 
3 -5185 2.553 fene 6602 eed) 2/25 
: 6013 2.749 2.04 7656 3.50 2.60 
8 -6903 2.945 25a0 -8789 Biniko 2.99 
1 ~ 7854 3.142 2.67 1.0000 4.00 3.40 
14 .9940 3.534 3.38 1.2656 4.50 4,30 
1} .2272 3.927 AA Tis 1.5625 5.00 5.31 
13 4849 4.320 5.05 1.8906 5.50 6.43 
13 1.7671 4.712 6.01 2.2500 6.00 7.65 
1g 2.0739 5.105 7.05 2.6406 6.50 9.98 
1? 2.4053 5.498 8.18 3.0625 7.00 10.41 
1; 2.7612 5.891 9.39 3.5156 7.50 11.95 
2 3.1416 6.283 10.68 4.0000 8.00 13.60 
23 3.9761 7.069 13.52 5.0625 9.00 17.22 
24 4.9087 7.854 16.69 6.2500 10.00 21.25 
23 5.9396 8.639 20.20 7.5625 11.00 25.72 
3 7.0686 9.425 24.03 9.0000 12.00 30.09 


ea eee ene re 


194 - REINFORCED CONCRETE CONSTRUCTION 
TABLE 2—DATA FOR DESIGN OF RECTANGULAR BEAMS? 


Formulas needed: Formulas used in preparing table: 
M =Kobd?, or bd? = pole 
: et 
ag =pbd te nfe 


k=*/2pn+(pn)?—pn j=1—1/3k 
K=pf«j, or 1/2f-k] (from formula 
M = Kbd’) 


Working stresses Ratio of Moduli n=12 Ratio of Moduli n=15 
fe fe k 7 Pp K k 7 Pp K 
12,000 500 0.332 | 0.889 | 0.0069 73.6 || 0.384 | 0.872 | 0.0080 83.7 
550 0.354 | 0.882 | 0.0081 85.7 || 0.407 | 0.864 0.0093 96.4 
600 0.375 | 0.875 | 0.0094 98.4 0.428 | 0.857 0.0107 | 110.0 
650 0.394 | 0.869 | 0.0107 | 111.3 || 0.448 | 0.851 | 0.0121 | 123.6 
700 0.412 | 0.863 | 0.0120 | 124.4 \ 0.467 | 0.844 | 0.0136 | 138.0 
750 0.429 | 0.857 | 0.0134 | 137.8 | 0.484 | 0.839 0.0151 152.0 
800 0.444 | 0.852 | 0.0148 | 151.3 |} 0.501 | 0.833 | 0.0167 | 166.9 
14,000 500 0.300 | 0.900 | 0.0054 67.5 0.348 | 0.884 | 0.0062 | 76.7 
550 0.320 | 0.893 | 0.0063 78.6 0.372 | 0.876 | 0.0073 89.5 
600 0.340 | 0.888 | 0.0073 90.6 H 0.391 | 0.870 | 0.0084 | 102.0 
| 
650 | 0.358 | 0.881 | 0.0083 | 102.5 || 0.410 | 0.863 | 0.0095 | 114.8 
700 0.375 | 0.875 | 0.0094 | 114.8 i} 0.428 | 0.857 | 0.0107 | 128.3 
750 0.391 | 0.870 | 0.0105 | 127.6 || 0.446 0.851 | 0.0120 | 142.3 
800 0.407 | 0.864 | 0.0116 | 140.4 || 0.462 | 0.846 | 0.0132 | 156.3 
\| 
15,000 500 0.286 .905 .0048 64.7 | 0.334 | 0.889 | 0.0056 74.1 
550 0.306 | 0.898 | 0.0056 75.4 || 0.355 | 0.882 0.0065 86.1 
600 0.325 .892 .0065 86.7 || 0.375 | 0.875 | 0.0075 98.3 
650 0.343 | 0.886 | 0.0074 98.4 |} 0.393 | 0.869 | 0.0085 | 111.3 
700 0.360 | 0.880 | 0.0084 | 110.3 \| 0.411 | 0.863 | 0.0096 | 124.2 
750 0.376 | 0.875 | 0.0094 | 123.1 0.429 | 0.857 | 0.0107 | 1387.9 
800 0.391 | 0.870 | 0.0105 | 135.7 || 0.445 | 0.852 | 0.0118 | 151.2 
16,000 500 0.909 | 0.0043 62.0 | 0.319 | 0.894 | 0.0050 71.3 
550 0.292 | 0.903 | 0.0050 72.2 || 0.339 | 0.887 | 0.0058 82.3 
600 0.3 .897 | 0.0058 83.2 H 0.358 | 0.881 | 0.0067 94.4 
650 0.328 | 0.891 | 0. 7 95.0 || 0.378 | 0.874 | 0.0077 | 107.4 
700 0.344 | 0.885 | 0.0075 | 106.2 || 0.397 | 0.868 | 0.0087 | 120.6 
750 0.361 | 0.880 | 0.0085 | 119.1 || 0.414 | 0 862 | 0.0097 | 133.8 
800 0.375 | 0.875 | 0.0094 | 131.3 | 0.429 | 0.857 | 0.0107 | 146.7 
20,000 500 0.230 ; 0.923 | 0.0029 53.1 0.272 | 0.909 | 0.0034 61.8 
550 0.248 | 0.917 | 0.0034 62.4 || 0.292 | 0.903 | 0.0040 72.2 
600 0.264 | 0.912 | 0.0040 ta.2 0.311 | 0.897 | 0.0047 83.7 
650 0.280 | 0.907 | 0.0046 82.4 || 0.328 | 0.891 | 0.0053 94.4 
700 0.295 | 0.902 | 0.0052 93.3 || 0.344 | 0.885 | 0.0060 | 106.2 
750 0.309 | 0.897 | 0.0058 | 103.9 |} 0.359 | 0.880 | 0.0067 | 117-9 
800 0.324 | 0.892 | 0.0065 | 115.6 || 0.374 0.875 | 0.0075 | 130.9 
n) 


OD ee eR EO ee AB ee ae be Pe 
1 From Taylor and Thompson's ‘Concrete, Plain and Reinforced,” 2nd edition, page 519. 
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TABLE 3.—DATA FOR REVIEWING RECTANGULAR BEAMS 


n=15 

Formulas needed: Formulas used in preparing table: 

p es k= \/2pn+ (pn)?—pn 

bd j=1-1/3k 
M =e fae 
bd? k 
K=pfsj, or 1/2fckj (from formula 
= M =Kbd?) 
| /c=650 Ib. per square s=16,000 Ib. per 
; inch square inch 
P k ] i} 
| Ss ee ron eg 
() (2) (3) (4) (5) (6) (7) 
-0929 0.217 0.928 35300 65.5 295 29.7 
-0022 0.226 0.925 33400 68.0 310 32.4 
-0024 0.235 0.922 31800 70.4 330 35.8 
-0026 0.243 0.919 30400 72.6 340 38.0 
-0028 0.251 0.916 29100 74.6 360 41.4 
-0039 0.258 0.914 28000 76.8 370 43.6 
.0032 0.265 0.912 26900 78.5 390 47.1 
- 0034 0.273 0.909 26100 80.7 400 49.6 
-0036 0.279 0.907 25200 82.1 410 51.9 
-0038 0.285 0.905 24400 83.9 430 55.1 
-0040 0.292 0.903 23700 85.6 440 58.2 
-0042 0.298 0.901 | 23100 87.4 450 60.4 
-0044 | 0.303 0.899 22400 88.6 465 63.3 
-0046 0.309 0.897 | 21800 89.8 480 66.5 
-0048 0.314 0.895 / 21100 90.6 490 68.8 
-0050 0.320 0.893 20800 92.8 500 71.4 
- 0052 0.325 0.892 20300 94.2 510 73.9 
-0054 0.330 0.890 19900 95.6 520 76.4 
-0056 0.334 0.889 19400 96.6 540 80.1 
-0058 0.339 0.887 19000 97.7 550 82.7 
-0069 0.344 0.885 18600 98.8 560 85.2 
-0062 0.348 0.884 18300 100.3 570 87.7 
-0064 0.353 0.882 18000 101.6 580 90.6 
- 0066 0.357 0.881 17600 102.3 590 92.8 
-0068 0.361 0.880 17300 103.5 600 95.3 
-0070 0.365 0.878 16900 103.9 610 97.7 
-0072 0.369 0.877 16700 105.4 625 101.1 
-0074 0.373 0.876 16400 106.3 635 103.7 
-0076 0.377 0.875 16100 107.1 645 106.4 
0078 0.381 0.873 15900 108.3 655 108.1 
-0080 0.384 0.872 15600 108.8 670 112.2 
-0082 0.388 0.871 15400 110.0 680 114.9 
- 0084 0.392 0.869 15200 110.9 690 117.5 
-0086 0.395 0.868 15000 112.0 700 120.0 
.0088 0.398 0.867 14700 112.2 710 122.5 
. 0090 0.402 0.866 14500 113.0 720 125.3 
- 0092 0.405 0.865 14300 113.8 725 127.0 
-0094 0.408 0.864 14100 114.5 740 130.4 
- 0096 0.411 0.863 13900 115.2 750 133.0 
.0098 0.415 0.862 13800 115.6 760 135.9 
-010 0.418 0.861 13600 LLL 770 138.6 
-012 0.446 0.851 12100 123.6 860 163.2 
-014 0.471 0.843 11000 129.8 950 188.6 
-016 0.493 0.836 10000 133.8 1040 214.3 
2018 0.513 0.829 9300 138.8 1120 238.1 
.020 0.531 0.823 8600 141.6 1210 264.4 
EE a aN 
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TABLE 4.—_SPACING OF ROUND RODS IN SLABS 


Sectional area of steel per foot of slab when spaced as follows: 
Diameter 
inches 
Q” Q1” 3” gir 4” 44” 5” 5A” 6” 7” 8” g” 10” | 12” 
| | ee 
1 
zt 29 23 20 is 15 13 12 ase < 
ts 46 36 31 26 | .23 20 18 17 6 Sa Soe | 
Fy 66 53 44 38 | .33 29 26 24 22) gC) eee li ae U5) 13) 
we 
1 
2 
ve 
5 
8 
% 
3 
4a 
te i 
} it; 
i6 Ts 
1 ne 
epee al eee 2. 
ile “es eee ee oe : 2. 
bE erate) eer reyo: | ae 5.09 |4. 3. 48 
Hate suk. a8 lh take to Water alll tee eee 5.30 7% 
TABLE 5.—SPACING OF SQUARE RODS IN SLABS 
; Sectional area of steel per foot of slab when spaced as follows: 
Dimen- 
sion - - —_——— —— 
inches ) 
an 24” oF 34” 4” 43” ad 54” | 6 7" 1S? it SE dt LOM) Lae 
= 


Based on M = 
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TABLE 6.—USE FOR DESIGNING SLABS 


cent from load. 


For fully continuous, ( 


wl? 


10 


~ 


M=~— 


wl? 
12 


- For supported ends, ( 


Ma 
sear 


wil? 


) , add 20 per cent to load. 
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) deduct, 20 per 


fc=650 Ib. per square inch. fs=16,000 Ib. per square inch. n=15. 


p=6.0077. k=0.378. b=12 in. 

M = pf sjbd? =1290 d?(safe moment of resistance) 

as=bpd =0.0924 d (steel area) 

wl? mae d? 

9 (12) =pf.jbd?, orw= 10747, (safe load) 

ca = : 8 8 Olle 
3 = | "o Total safe load (w) per square foot including Bers | aasas Ss 
OS ee oe _ weight of slab 3 8/2 F/ 3 8 
8 2 | = For safe live load deduct weight of slab as = 2 #\-2 3 
3/2] 3] orale “ne a 
= 2). ae! 2.2 2 
& |, es 2 Se) FS da ell dort 
a Sl oe Span in feet (J) 3 = %| 3 
Ala ee ihaie 
| | 5 n 
in. | in. |in.| 4] 5 | 6 | 7 | 8 | 9 [10/11] 12)13/14)15] Ib. |sq.infin-tIb. 
2 | 

1? 2 | 2% | 205) 132) 91) 67) 51; 40)...)... 31 \0.162) 3950 
2 ¥ | 23 | 268) 172) 120, 88) 67; 53} 43) 35 34 |0.185) 5160 
2} Fae 339} 217) 151); 111) 85) 67) 54) 45)...)...]...]...| 38 |0.208) 6530 
23 % | 34 | 419) 2 187| 137, 105) 83) 67) 55 47)... : 41 |0.231) 8060 
22 | 2 3% | 507) 325 226 165) 127; 100) 81| 67| 57| 48)...]...| 44 10.254) 9750 
3 2 | 32 | 605) 387 269) 197| 151} 119} 97| 80) 67| 57| 49)...| 47 |0.277|11600 
| | 
3i 3) 4 709| 454 315 232) 177) 140/113) 94) 79) 67| 58) 50) 50 |0.300)13600 
3%) 1 44 | 822) 527) 366) 269) 206) 162/132/109| 91| 78] 67] 58} 56 |0.323/15800 
ea ie 5 1074! 688; 478 351) 269) 212 172)142/119 102 88); 76) 62 |0.370 20600 
44 |)1 54 1360) 871) 605) 444) 340) 269.218 180,151 129/111] 97| 69 |0.416 26100 
4% 1% | 6 (1520) 971) 675) 496) 380) 300/243 201,169 144/124)108) 75 0.438 29100 
54 | 14 | 6% |1850,1190 825 606) 463) 366/297/245 206 175,151/132| 81 |0.485 35600 
5% | 14) 7 2220 1420 990) 726 556) 438/356 294 247 210,182 158) 87 |0.531/42700 
6% | 14 | 74 |2620/1680'1170) 858) 657 519/420 347/292 248 214/187) 94 |0.578/50500 
62 14 | 8 (3070,1960)1360 1000, 766) 605|490 405 340 290/250 218} 100 |0.624 58900 
7t | 1% | 8% |3540 2260/1570 1150 884) 698|566/467 392 335)/289|252| 106 |0.670,67900 
72 Pit 1 > 4040 2580 1800 1320 1010, 798 646 eel ie 382/330|288) 113 |0.716\77600 
St | 1F | OF 4580 2930/2030 1490,1140) 904'733/605 509 434'374|326, 119 |0.762/87900 
82 | 13 |10 iesooe 2290 1680/1290 1020 824/680 572 487)420|366 125 |0.808/98800 
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TABLE 7.—USE FOR REVIEWING SLAB DESIGNS 


wl 


10 


fe=or < 650 lb. per square inch. 
n=15. 
fe=or < 16,000 Ib. per square inch. 


M=lesser of 


Ww, oe 7 
Ty 0”) =k fckjbd? J 


M,= pf ibd” 
Me =kf-hkjbd” 


»[? 
For supported ends (M =%)) deduct 


20 per cent from loads. 


4] 2 
Yor fully continuous, (M aoa add 


20 per cent to loads. 


(safe moment of resistance) 


ag=bpd=12pd (steel area) 
ey ee 
7002 = pf,ibd 


and using Table 3 


For p=0.002, w= 297 _ (safe load) 


2 
For p= 0.004, w= 582 * (safe load) 


For p=0.006, w= 852 < (safe load) 


2 
For p=0.008, w= 10884; (safe load) 


For pO G10 soo 171%, Genta lod} 


3/24 eee 
8 a Total safe load (w) per square foot including b sf 3 3 | ° 
= mm | 2 ee 20 
&)/e|° weight of slab ra el ee as 
al) alae For safe live load deduct weight of slab rane nt S/ as 
p 2|2)\8 gel e7lea9 
a \2\5 sr| gale" 
a) 2/3 Span in feet (J) = §| 2a cs 
A|Aa\sa 3s 
m 
in.| inj in.) 4) 5 | 6 | 7 | 8 | 9 | 10/11) 12/13) 14) 15) Ib. |sq.in.| in-b. 
| | ] 
| 
94) 8) gh Oa) GON MIT ssi) elateacdee a .|...| 88 0.054) 1800 
FE 3} 4] 196] 125] 87|/ 64] 49|....|...| .|...| 50 |0.078] 3760 
4/1 5| 297; 190] 132) 97) 74) 59) 47 62 0.096 5700 
0.002 | 43' 14] 6] 420) 268) 186) 137) 105] 83 67) 55| 47 teeleseloes 75 0.114) 8060 
: 5} 13}. 7| 615) 393) 273) 200) 153) 121 98, 81) 68) 58) 50) 44) 87 /0.138 11800 
63) 14} 8) 847) 542) 376) 276) 212) 167/135 112 94) 80 69 60100 0.162 16300 
73| 14] 9/1120) 715} 496) 364) 279) 220/179 147 124 106, 91; 79/113 \0.186, 21400 
8}, 14) 10)1420) 910) 632, 464) 356) 281/228 188 158)/135)116 101/125 |0.210 27300 
24; 2 3} 184) 118} 82) 60) 46).... veel 38 0.108) 3540 
34| #] 44) 384) 246) 170) 125) 96) 76) 61) 51]. Few Pe’ whe 50 0.156; 7380 
4/1 5) 582) 372) 258) 190) 145) 115) 93) 77| 65] 55) 47/...| 62 |0.192] 11200 
43) 14) 6) 823) 526 366) 268; 206) 162/131|109) 91) 78) 67) 58) 75 0.228) 15800 
0.004 53) 14) 7/1200) 770) 535) 393] 301] 238/193)159\134/114| 98) 86) 87 0.276] 23100 
63| 14) 8/1660,)1060| 738) 542) 415) 328)267)/219)184/157|135)118/100 |0.324| 31800 
7%| 14) 9/2190)1400| 972] 714) 547) 432)350|289/243/207|178/155/113 |0.372| 42000 
82) 14] 10/2790/1780)1240| 910) 697| 551/446/368/310|264/228/198/125 |0.420 53500 
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TABLE 7—Continued. 


3|2 ee 
Sipe Total safe load (w) per square foot including eats 3 - 
3 > z weight of slab 3 & 3 E a 8 
8 2 = For safe live load deduct weight of slab Pare s #| 4 8 
2] eo Bailne oa 
as) + Spoulea 
ce 3| 3 o 
+ 3 a . o = zg 3 cel! 
e| sis Span in feet (J) cs Ba| 3 
Alalal ae he ae 
ren | 3 
In.| in.} in| 4 5 Cia ut: 8 9) 10%) 127) TS 13 14 | 15 | lb. |sq.in.) in.-lb. 


ih i 


| 


| 270| 173] 120| 88| 67) 53] 43/-..]...]...].../...| 380.162] 5160 
| 562) 360, 250| 183| 140| 111| 90) 74| 62) 53/...|...| 50 0.234! 10800 
| $52 4 379, 278) 213) 168136113 95| 81! 70|...| 62 |0.288/ 16300 
1200, 771] 535) 393) 301) 238/193 159/134/114) 98| 86) 75 |0.342| 23100 
17601130 784) 575, 441) 348/282/233 196|167|144|125| 87 |0.414| 33800 
2430 eet 793 607, 480388 321 270.230/198/173|100 |0.486| 46600 
3200 2050 1420 1040 800, 632 512 423 356 303/261 228/113 |0.558, 61500 
4080 2610 1810 1330 1020, 806 653 540|453 386 333 290 125 0.630) 78300 

eri , 
| 2} 3) 344) 220, 153| 112) 86| 68) 55| 45]... 

3 


oo 
“~ 
ho wie 
ore 0 


38 |0.216) 6610 


4) 718, 459) 319 234) 179) 142/115) 95} 80) 68) 59/...) 50/0312) 13800 


23 
| 33) 
<e Ee 696 483, 355, 272) 215|/174/144/121|103| 89) 77] 62 |0.384| 20900 


| 


43) 11) 6 1540 984 682) 502, 383) 303/246 203)171)/145)125/109| 75 |0.456) 29500 
5% 14 7225014491000) 735) 561) 444/360/297/250/213)184|)160} 87 |0.552) 43200 
6% 13, 8310019991380 1010, 774) 612/496 409 344|293/253)220/100 |0.648) 59500 
7% 14) 9 4080 2620/1820 13301020) 807|654/540/454/387/334/291|113 |0.743) 78500 


83) 1} 10 5210 3340 2320 1700 1300 1030 834 688 579|493|426/370)125 |0.840/100000 


370) 237| 165| 121] 93| 73] 59| 49|...|...|...]...| 38 |0.270] 7100 

773, 495 344 252) 193] 153/124/102) 86| 73) 63| 55| 50 |0.390| 14800 

1170 750 520 383) 293] 231/187/155/130/111| 96] 83| 62 |0.480) 22500 
f hed 

1650 1060, 734) 539) 414) 326/264 /218/184)157|135|118| 75 |0.570) 31800 

2420 1550 1070 790| 606| 478 388/320 269/229 198/172] 87 |0.690 46500 

3340 2140 1480 1090) 835| 659/534/441/371/316 272)/237/100 |0.810, 64100 


2 3 
33} 3] 4 
5 


onan 


7%| 13} 9 4400 2820/1950 1430/1100 869/704 581/489) 417/360 / 313/113 |0.930) 84500 
0 5610 3590 2490 1830 1400|1110,/897 741/623 531/459)399/125 |1.050)107800 
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TABLE 9, PART 1.—USE FOR T-BEAMS 


n=15, fs=or<16,000 ib. per square inch. fe=or<650 lb. per square inch. 


1. The dimensions given, to find the safe resisting moment or the stresses in 
the steel and concrete under a given load. 

2. When flange of T-beam forms a portion of floor slab already designed—to 
determine suitable web d'mensions and steel area. 


: : Ms 2 
k F M,=fsaajd =f sP] bd?, or ba? =f, sP] 
pn Sie t 2 M- ioe 
f= - =, jd, or —= 1-— ]5 
Pie ohio Pere Me=fe\1— 4) b414, or Fea Se (1-35) al 
Se ({) Ps ‘) pn fa_ nk) 
om 6-3 feet 
ae 
M, = safe resisting moment = lesser of M, and M, 
p=0.002 | p=0.004 
u = =e 
a. 5 B i 6 mt 5 S 4 c 
Sapa ee Bao |BEET. 
ae ee ae ae "25 |. Sse 
BBO Fated ie oS sha = ole 
t EIEPICE tet lbats eS EESeZG225 M, 
a| * |? |g 8h gla § #5] ba? || @ 7 |e 8. g/8 8 2a | ba 
Sig (Se Bas eee 
E2o |£8as f3s |7e8s 
Hee 1H 88 ra} pene CS 
sag [si "s| sg |[BA°S 
.10.0.269'0.954| 26500 392 30.5) -10 0.406 0.954) 14200 730 54.3 
-11)/0.257|0.950| 28200 369 30.4 | -110.388 0.948 15400 675 58.2 
.12/0.248/0.946| 29500 352 30.3 | -12 0.373 0.944; 16400 634 60.4 
.13/0.2400.943) 30800 337 30.2)| -13 0.360 0.940 17300 600 60.2 
.14)0.234/0.940) 31900 326 30.1 -1410.349 0.936 18200 572 59.9 
.15)0.229/0.937| 32800 316 30.0) -15 0.339 0.932 19000 546 59.7 
.16)/0.225/0.935) 33600 310 29.9)! .16 0.331 0.928) 19700 528 59.4 
.17|0.222/0.933) 34200 304 29.9)| .17 0.323,0.925; 20400 509 59.2 
.18)0.220/0.931| 34600 301 29.8) -18,0.317,0.921| 21000 495 59.0 
.19)}0.218)0.929| 35000 297 sia | i aps 0.918, 21500 484 58.3 
.20'0.217,0.928} 35200 296 | 29.7) .200.3080.915, 21900 475 | 58.6 
.21)0.217|0.928) 35200 296 29 .7)| -21/0.304,0.914 22300 465 58.5 
.22/0.217/0.927| 35200 296 29.7)| .22)}0.300|0.912| 22700 457 58.4 
Neutral axis in flange for greater values of ‘ | 
Woluea of ’ 
p for 
neutral Values below this line correspond to 
axis at values of p in first column 
lower edge 
of slab 
0023 |.23/0.230/0.924| 32600 319 34.0)| .23/0.298]/0.909] 22900 452 58.2 
0025 |.24/0.240/0.918] 30800 337 36.8)) .24]/0.296/0.907| 23200 448 58.0 
0028 |.25)0.250/0.916| 29300 356 41.1)| .25/0.294/0.906} 23400 444 58.0 
0030 |.26)0.260)0.913] 27800 375 43.8]| .26/0.293/0.904| 23500 442 57.9 
0033 |.27|0.270.0.911] 26500 395 48.2|| .27]0.292/0.903| 23600 440 57.8 
-0036 |.28/0.280/0.908) 25000 415 52.3|| .28/0.291/0.903} 23800 438 57.8 
0039. |.29/0.290/0.904|} 23800 436 56.5)| .29'0.29110.903] 23800 438 57.8 
Pu t 
Neutral axis in flange for greater values of = 
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TABLE 9, PART 2.—USE FOR T-BEAMS. 
n=15. fs=or< 16,000 Ib. per square inch. /,=or<650 Ib. per square inch 


) 
p=0.004 p=0.006 
= 8 = Qt : 1 2 by 
. gus eps 20 9 2ol¢4 
& arr. og- ow | 
2ag j2878 eeu ne 
. 4 ; 6° 5 o go iI ok 
Bee.|ag 4) Mel: Btwlee es al: 
a\ * i 2 Ste bao) par ig | =|? Ss.) 5 S| p75 
Esoul§ ese : £30 4/§ 2.22| od 
gS "le88e gS" a2/e8ee 
x 8 J a5 | [ee > 
| Ga slhags Be eek aes 
' a |= = = 
; PJ : 
| 10|0.408 9.954 14200 730 54.3); .10 0.500 0.952 9750 1067 D000. 
11/0.388/0.948, 15400 675 58.2 -11,0.480 0.947} 10600 984 59.9 
‘ 12'0.373 ipa | 16400 634 60.4)| .12,0.462.0.943} 11300 917 64.0 
; 13/0.360/0.940 17300 600 60.2 -13/0.447 0.939 12000 862 67.8 
j -14:0.349|0.936; 18200 572 59.9 | -14,0.434.0.934) 12700 818 eile 
; Soe Sue ie asin 19000 546 59.7)) .15.0.422,0.930) 13400 779 74.5 
; 16,0.331,0.928, 19700 528 59.4) -160.411 0.926} 14000 745 hl AS 
} 17,0.323|0.925| 20400 509 59.2)| .17/0.402/0.923| 14500 716 80.4 
180.317 0.921) 21000 495 59.0} .18,0.394/0.919] 15000 693 83.0 
19,0.312,0.918, 21500 484 58.8 | .19.0.386,0.915| 15500 670 85.6 
. -20/0.308/0.915} 21900 475 58.6) .200.380/0.912) 15900 654 87.4 
-21 0.3040.914) 22300 465 58.5 -210.373 0.909 16400 635 87.3 
7. 0.300,0.912) 22700 457 58.4 -22,0.368 0.906 16700 621 87.0 
-23 0.298/0.909) 22900 452 58.2), .23.0.3640.903} 17000 610 86.7 
24 0.296/0.907) 23200 448 58.0)| .24'0.360/0.900} 17300 600 86.4 
P -25/0. 29410. 906 23400 444 58.0}; .25/0.357|0.897| 17500 592 86.1 
-26 0.293,0.904) 23500 442 57.9 -26 0.354 0.895) 17800 584 85.9 
; sed 0.2920. 903) 23600 440 57.8)| .27/0.351/0.893| 18000 577 85.7 
.28.0.29110.903) 23800 438 57.8)| .28/0.349 0.891); 18200 572 85.5 
.29|0.291|0.903, 23800 | 438 57.8|| .29|0.348/0.889} 18200 569 85.3 
Neutral axis in flange for greater values of ‘ 
Values of | 
p for neu- 
tral axis Values below this line correspond to 
at lower values of p in first column 
edge of 
slab 
-0043 .301'0.300/0.901, 22700 457 62.1) cs aap Loose 18400 565 85.2 
.0046 |.31/0.310,0.897| 21700 | 479 66.1|| .31.0.345,0.887) 18500 562 85.2 
0050 | .32/0.320/0.893) 20700 502 71 5) .32|0.344/0.886| 18600 559 85.1 
.0054 |.33/0.330/0.890 19800 525 76.9) -880.344 0.886) 18600 559 85.1 
.0058 |.34/0.340\0.886 18900 550 82.3)| .34)0.344,0.885| 18600 559 85.0 
t 
Neutral axis in flange for greater values of 
| 
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TABLE 9, PART 3.—USE FOR T-BEAMS 
n=15. fs=or<16,000 lb. per squareinch. f-=or <650 lb. per square inch. 


—— 


p=(0.006 p=0.008 
TAP AY. e n : i o% ; 
eae |Pess ee 
2 eels ae Dee tes ge 
o 
|| get lese) ele], |, eetalets] 
d 1 Ag oe Se) Bae id gl Fle § BS! ba? 
zZ22f\es9s | g2eeigses 
Saale se G2 wylz_ se 
a4 Sats Bea 3:48 913.5 aie 
= = = = 
-100.500,0.952 9750 1067 55.7) .100.568 0.952, 7420 1400 | 56.4 
.110.480.0.947) 10600 984 59.9) -110.547,0.947 8070 1287 60.9 
12|0.462|0.943} 11300 917 64.0 -12 0.530 0.943, 8650 1200 65.2 
.13)0.447/0.93 12000 862 67.8) .13 0.5140.938 9230 1125 69.2 
.14,0.434/0.934) 12700 818 71.3)| .140.499 0.934) 9800 1060 73.1 
15|0.422)0.930| 13400 779 74.5, -15,0.486 0.930) 10300 1008 (Gad 
-160.411/0.926) 14000 TAS 77.5,| .160.4740.925) 10800 960 79.9 
.17|0.402/0.923) 14500 716 80.4|| .170.4630.921} 11300 920 83.0 
.18)0.394/0.919) 15000 693 83.0] .18|0.453 0.917, 11800 884 85.9 
19'0.3860.915) 15500 670 85.6 | oy ae 0.914, 12100 855 88.8 
| 
.20|0.380/0.912) 15900 654 87.4) .200.43870.910) 12500 827 91.2 
-210.373/0.909; 16400 635 87.3) .21 0.430 0.906, 12900 805 93.5 
.22'0.368/0.906; 16700 621 87.0 220.424 0.903) 13200 784 95.6 
-23}0.364/0.903) 17000 610 86.7) 230.418 0.899) 13600 766 97.4 
.24,0.3600.900) 17300 600 86.4)| 240.413 0.896) 13800 750 99.2 
-25/0.357/0.897) 17500 592 86.1) .25.0.4090.893) 14100 738 100.7 
.26,0.354/0.895) 17800 584 85.9 .260.405,0.890, 14300 726 1102.1 
.27/0.351 0.893} 18000 577 85.7), -27.0.401 0.888) 14500 715 /103.3 
.28/0.349/0.891) 18200 572 85.5}| .28.0.398,0.885) 14700 705 104.4 
.29/0.348/0.889) 18200 569 85.3}| a ss 14900 696 105.4 
.30}0.346)0.888; 18400 565 85.2)| .30 0.393.0.881) 15100 690 106.2 
.31)0.345/0.887) 18500 562 85.2)! .31/0.391'0.879} 15200 685 |107.0 
82:0.344 0.886) 18600 559 85.1]| .32'0.389 0.877, 15300 678 ‘107.4 
.33,0.3844/0.886) 18600 559 85.1 .33.0.388 0.876 15400 676 108.0 
.384/0.344/0.885 18600 559 85.0) 340.386 0.874 15500 670 108.2 
Neutral axis in flange for greater values of ; | | 
Values of 
p for neu- 
tral axis Values below this line correspond to 
at lower values of p in first column. 
edge of 
slab. 
0.0063 .35|0.350/0.883) 18100 575 89.0 -85/0.386/0.878 15500 670 108.6 
0.0068 .36)0.360)0.879, 17300 601 95.6 | -36/0.385)0.873 15500 668 108.7 
0.0072 .37/0.370|0.878 16600 627 101.2)| 37 0.383/0.873) 15700 662 108.7 
0.0078 -38/0.380|0.873, 15900 654 107.9] .38/0.380\0.873] 15900 654 107.9 


Neutral axis in flange for greater values of a 
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TABLE 9, PART 4.-USE FOR T-BEAMS 
n=15. fs=or <16,000 lb. per square inch. fe=or <650 Ib. per square inch, 
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p=0.008 p=0.010 
n . eee 
$24 |Pbue gus [2b 
80 |BSNe5 Sos oil Brive, 
B23 |5 os Bote hee 
Sie tee tee kl Mell 2 _|2RL B27 2] a, 
a ai g€5 S| ba? d k d g oN a 5 ws bd? 
z2823/288e B@o w|3 do 
= ESES eee mls echo 
Bah Sl(E ks Coe oak eas 
Sonos Bilan | se ahe, cated 
| 
Sep ladlp, aca 7420 1400 56.4) .10/0.620/0.951 5980 1740 56.8 
* = 0.947 8070 1287 60.9) -11,0.600)0.947 6500 1600 61.5 
12 0.530/0.943) 8650 1200 65.2)| .12/0.582/0.942 7000 1484 65.9 
.13/0.514 0.938 9230 1125 69.2 - 130.566 0.938 7470 1390 70.1 
-14,0.499 0.934) 9800 1060 73.1)| .14/0.551/0.933 7940 1310 74.1 
5 150.486 0.930 10300 1008 76.7|| .15/0.538/0.929 8360 1240 va aes) 
* 16 0.474 0.925; 10800 960 79.9)| .16/0.525|0.925 8820 1179 81.6 
ele 0.921; 11300- 920 83.0]| .17/0.513/0.921 9260 1121 84.9 
aa 0.453 0.917 11800 884 85.9}; .18)}0.502)0.916 9670 1075 88.0 
pt Se 12100 855 88.8}]} .19.0.494/0.913} 10000 1040 91.0 
-20 0.437 0.910; 12500 827 91.2)| .20:0.486,0.909} 10300 1010 93.8 
-21.0.430 0.906) 12900 805 93.5) -21 0.477 0.905 10700 973 96.4 
22 0.424 0.903) 13200 784 95.6|| .22,:0.470)0.901| 11000 944 97.7 
-23.0.4180.899 13600 766 97.4|| .23.0.464'0.898} 11300 922 101.0 
.24.0.413,0.896 13800 750 99.2|| .24'0.459,0.894) 11500 903 103.1 
-25,0.409 0.893) 14100 738 100.7|| .25|0.453'0.891| 11800 883 104.8 
-26.0.4050.890 14300 726 102.1|| .26,0.448,0.888) 12000 866 106.5 
-27,0-401 0.888, 14500 715 103.3)| .27,0.444'0.885, 12200 851 108.1 
-28.0.3980.885| 14700 705 104.4|| .28)/0.440/0.882) 12400 839 109.5 
-290.395 0.883 14900 696 105.4}, .29.0.436.0.879| 12600 825 110.5 
-30 0.393 0.881) 15100 690 106.2)| .30'0.433,0.876; 12800 815 TaliLaye 
31 0.391 0.879) 15200 685 107.0|| .31/0.430'0.874; 12900 805 112.7 
-32'0.389 0.877, 15300 678 107.4)| .32,0.428,0.872) 13000 799 113.5 
-33/0.388)0.876 15400 676 108.0)| .33,0.426.0.870| 13100 792 114.3 
34 0.386 0.874 15500 670 108.2 340.424 0.868) 13200 784 114.9 
-35 0.386 0.873 15500 670 108.6,| .35/0.422'0.866) 13300 779 115.2 
-36 0.385 0.873 15500 668 108.7|| .36,0.4210.865| 13400 776 115.8 
-37 0.383 0.873 15700 662 108.7) .37,0.420,0.864| 13400 773 116.4 
.38,0.380,0.873| 15900 654 |107.9|| .38/0.419/0.862| 13500 769 116.3 
Neutral axis in flange for greater values of < 
Values of 
p for neu-| 
tral axis Values below this line correspond to 
at lower values of p in first column 
edge of 
slab. 
-0083 |.39 tle sera 15200 682 110.4 ‘0)0 4106. 002 13500 769 170 
.0089 |.40 0.400 0.867 14600 712 112.8}! 400.418 0.861| 13600 766 117.0 
-0095 |.41/0.410,0.864| 14000 742 115.2 “410.418 0.861 13600 766 T7.0 
.0100  |.42'0.420\0.861 13500 774 117.5), .42\0.418,0.861 13600 766 117.0 
- Neutral axis in flange for greater values of “ 
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TABLE 9, PART 5.—USE FOR T-BEAMS . 
n=15. f,=or<16,000 Ib. per square inch. f¢=or<650 lb. per square inch. 


—— 


p=0.010 p=0.012 
. Mm 4 : n . 
p24 [2b 44 guS |2f44 
Bao [28g ba ie bars. 
He ooo ro) Ook 
t Zea jes*8)M, |e]. 2bl jgg~ 3a|M, 
a|*® 17 |\goS4lqa8 »4/ ball a 7 |g 5 74\8 9 28) ba 
B@oeg = 5 AO so Se 365 oie 
ES" sleses fe “hoes 
Ha See aS BaP S82 8s 
Nest rtoreta ee eg eed aS eae ie 
.10)0.620)0.951 5980 1740 56.8)| .10 0.660 0 951 5020 2070 br. 
-11|0.600/0.947 6500 1600 61.5)| .11)0.641 0 947 5450 1905 61.9 
.12/0.582/0.942 7000 1484 65.9)| .12)0.624'0.942 5880 1770 66.4 
.13)0.566|0.938 7470 1390 70.1}| .13}0.608)0.938 6290 1650 70.8 
-14/0.551|0.933 7940 1310 74.1|| .14)/0.592|0.933 6720 1545 74.9 
.15/0.538/0.929 8360 1240 77.9|| .15)/0.579|0.929 7100 1465 78.3 
.16)/0.525/0.925 8820 1179 81.6|| .16)/0.566)/0.924 7480 1390 82.5 
.17/0.513/0.921 9260 1121 84.9}| .17|0.555/0.920 7810 1330 86.1 
.18)/0.502/0.916 9670 1075 88.0! -18/0.544/0.916 8180 | 1270 89.5 
.19}0.494/0.913; 10000 1040 91.0 19\0.535)0.912 8470 | 1225 92:7 
.20)0.486/0.909) 10300 1010 93.8}| .20/0.527 0.908) 8750 1190 95.6 
.21/0.477|0.905} 10700 973 96.4|} .21/0.518/0.904) 9080 1145 98.5 
-22/0.470}0.901| 11000 944 97.7)|| .22)0.511/0.900 9310 1115 101.0 
.23}0.464/0.898} 11300 922 101.0} .23/0.504/0.896 9600 1080 103.4 
-2410.459/0.894| 11500 903 103.1|| .24/0.497]0.893 9870 1050 105.7 
.25|/0.453/0.891} 11800 883 104.8); .25}/0.490/0.889} 10100 1025 |107.6 
.26/0.448/0.888} 12000 866 106.5) -26/0.486/0.886, 10300 1010 109.6 
.27|0.444/0.885| 12200 851 108.1)| .27)0.481/0.883! 10500 990 111.4 
-28/0.440)0.882} 12400 839 109.5)| .28'0.476/0.879| 10700 969 112.9 
-29/0.436/0.879} 12600 825 110.5)| .29.0.472/0.876, 10900 953 114.4 
.30)0.433)0.876} 12800 815 111.7} -30)0.469)0 874) 11000 941 115.9 
.31/0.430/0.874| 12900 805 112.7|| .31/0.465)0.871 11200 927 116.9 
.382|/0.428/0.872) 13000 799 113.5)| .32/0.462/0.868) 11300 916 118.1 
.33}0.426)/0.870) 13100 792 114.3)| .33)0.460)0.866} 11400 909 119.1 
34|0.424/0.868) 13200 784 114.9) .34/0.457}0.863} 11600 898 119.8 
.35)0.422)0.866} 13300 779 115.2 35/0 455/0.861} 11700 890 120.5 
.36/0.421/0.865} 13400 776 115.8 -36 0 453/0.860, 11800 883 121.3 
.37\0.420/0.864|) 13400 773 116.4 -37 0 452/0.858} 11800 880 124...7. 
.38/0.419)0.862} 13500 769 116.3 -38/0 450)0.856, 11900 872 122.2 
.39/0.419'0.862} 13500 769 117.0 ey 449/0.855, 11900 869 122.7 
.40/0.418/0.861; 13600 766 117.0)) .40,0.448/0.854, 12000 865 123.0 
-41,0.418'0.861) 13600 766 117.0)| .41/9.447\0.853] 12000 861 123.0 
-42,0.418 0.861} 13600 766 117.0|| .42/0.447|0.852] 12000 861 123.0 
Neutral axis in flange for greater values of ‘ | 
Values of 
p for neu- 
tral axis! Values below this line correspond to 
at lower values of p in first column. 
edge of 
slab, 
.0108 |.43/0.430/0.857} 12900 805 119.8 sata 12000 861 123.0 
.0115 |.44/0,440/0.855} 12400 839 122,1|| .44,0,446.0.851) 12100 859 123.0 


Neutral axis in flange for greater values of 


24 
d 


— — 


a a 
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portions for entire beam. 
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3. Loading and working stresses given—to determine suitable | 


fc=650 Ib. per Piha inch. fs=16,000 lb. per square inch. 


jd=d—z 


n=15, 


0. a }0.11 | 0.13 0.14 


0.16 


0.17 


0.18 


0.19 


0.20 


0.21 


\0.4 50. 471 0.468 0.465 0.462 


| 
bt 
| 
| 


0.458 


0.455,0.451 


(0.448 


0.444 0.440 


0.436 


| 
| 0.22 |0.23) 
| 


0.26 


|0.27 


0.28 


0.30 


0.31 


0.32 


| | 
0.431 0.427 0.422 0.417,0.412 0.407 


0.402, 


0.396 


0.391 


0.384 


0.3780. 


ale 


| | 
0.34 0.35 2-86) 0.37 | ine 


| 


a) 


| 


0.364 ie 356 0.349 °. ee -332 


t 
| Neutral axis in flange ao =k=0.379 
1 
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TABLE 11, PART 1.—USE FOR RECTANGULAR BEAMS WITH STEEL 
IN TOP AND BOTTOM 


d’ 
n=15 k=)" (+07) +n(p+p’)?—n(p+Pp’) 
ede B/, 2) Rep a d’ 
faba? rete at = | ee ee 
M,=bd°f-L and fe bdr, which L 3 1 3 ae I e d 
Whe ; d’\: jo ee 
Ea? ee OF peek) ae ed) fe 
M,=bd?f,K and fe ba?K’ in which K=p 3 2n(i—kh \3 d 
p’=0.25 p | p’=0.5p 
Pp a eriee Ai) wera eee p[wjelal x 
| | | 
{ 0.005|0.00125 0.307 0.153 0.0045 [0.005 9.0025 0.296 0.163 0.0046 
0.01 |0.0025 0.394 0.202 0.0088. 0.01 0.005 |0.373 0.225 0.0090 
d’ 4 og | 9:015|0-00375 0.451]0.2390.0130 | 4’) 4. } 0.015,0.0075 0.421 0.275 0.0134 
a 9°91 9.02 10.005 |0.490'0.26910.0172| gq -°  } 0.02 |0.01 |0.454'0.320 0.0178 
0.025|0.00625 0.521 0.295 0.0214 0.025 0.0125 0.479 0.361 0.0222 
|0.03 0.0075 |0.546 0.321 0.0256 0.03 ee pases 
[ 0.005/0.00125 0.309 0.150 0.0045, [ 0.005 0.0025 0.300 0.158 0.0045 
0.01 |0.0025 |0.398 0.198 0.0087 0.01 0.005 0.381 0.216 0.0088 
d 4.10 | 9-015)0.00375/0.4540.232,0.0125)| @_ 4 14 | 0.015,0.0075 0.428 0.261 0.0131 
d | 0.02 |0.005 |0.495|0.2600.0170| q | 0.02 0.01 0.462 0.302 0.0174 
0.025 |0.00625 0.525)0.285 0.0205 0.025 0.0125 0.488 0.338 0.0215 
0.03 |0.0075 |0.551/0.308,0.0251 0.03 0.015 0.509 0.374 0.0258 
0.005|0.00125 0.312 0.148 0.0044 [0.005 0.0025 0.305 0.153,0.0044 
0.01 |0.0025 0.402 0.194,0.0086. 0.01 0.005 |0.386 0.207 0.0087 
d’ _ 6 15 | 0-015)0.00375 0.458 0.2260.0127 4’ _| 1. | 0.015 0.0075 0.436 0.249 0.0128 
d | 0.02 |0.005 |0.499.0.253/0.0167,, @ | 0.02 0.01 |0.471/0.285,0.0169 
0.025 0.00625 0.530 0.275 0.0207 0.025,0.0125 0.498 0.319 0.0210 
0.03 |0.0075 |0.555,0.296 0.0247| (0.03 pee Eee 
0.005|0.00125 0.314,0.146 0.0044 [0.005 0.0025 0.309,0.149 0.0044 
0.01 |0.0025 |0.404 0.190 0.0086, 0.01 0.005 (0.392.0.199 0.0086 
d’ _ 9 99 | 9-015,0-00375 0.462,0,.221 0.0126 | d”_ 4 | 0.015 0.0075 0.442 0.238 0.0126 
a. | 0.02 |0.005 |0.503/0.245/0.0165|| gq -~ } 0.02 |0.01 (0.479 0.271 0.0166 
0.025|0.00625 10.534 0.266 0.0204 0.025 0.0125 0.506 0.301 0.0206 
0.03 |0.0075 |0.560.0.285 0.0243, (0.03 ies Pelnics 
0.005 0.00125/0.316 10.144 0.0045 {0.005 0.0025 0.314 0.146 0.0044 
0.01 0.0025 |0.408 0.187 0.0086 0.01 0.005 0.398.0.194/0.0085 
d’ _ 6 95 | 9.015 0.00375 0.465 0.216 0.0125, d’_) ,. | 0.015 0.0075 0.450 0.229|0.0125 
d ) 0.02 |0.005  \0.507/0.2390.0164) @ ~~” ) 0.02 (0.01 0.486 0.258/0.0164 
0.025 0.00625 0.539 0.259 0.0202 0.025 0.0125 0.514 0.287 0.0202 
0.03 |0.00725 0.565 0.275 10.0240 0.03 ene sees 0.0240 * 


STEEL IN TOP AND BOTTOM 


‘ 


p’ =p p’=1.5 p 


L 


p’ k 


eines 0.0046. 


° 
S 
So 
ao 


.336 0.271 0.0092 .O1 


s 


SS te -372 0.348 0.0138 
oes .395 0.420 0.0184) 


.412 0.491 0.0230) 


wo 

Co 

bo 
ooooco 

cs 

to 

(=) 


oi 
ll 
(=) 
g 
(ee se We aaa je | 
j=) 
bo 
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wo 
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wo 
rs 
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-425 0.561 0.0275, 
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3 TABLE 11, PART 2—USE FOR RECTANGULAR BEAMS WITH 
4 
; 
; 


0.005 0.005 | 0.284.0.172 0.0045 /| 0.005 .0.0075/0.268 0.186 0.0045 
0.01 0.01 | 0.3490.250,0.0089 6.01 0.015 0.322,0.284 0.0090 
a’ 0.015.0.015 | 0.386.0.318 0.0133|) @’ 0.015 0.0225/0.351/0.374'0.0134 
gq 0719} 0.02 |0.02 | 0.4100.3810.0177)) g ~°-!°) 0.02 |0.03 |0.3690.458/0.0178 
0.025 0.025 | 0.428 0.442 0.0221 0.025 0.0375|0.382 0.541,0.0222 
ok & 0.442 0.503 0.0265 [0.03 0.045 |0.392/0.623 0.0267 
0.005,.0.005 | 0.292:0.163 0.0044) 0.005 0.0075)0.280/0.171/0.0045 
0.01 0.01 | 0.360 0.233 0.0087 0.01 (0.015 |0.338/0.256 0.0087 
| d’ 0.015.0.015 | 0.399.0.292 0.0129) @ 0.015 0.0225 /0.369|0.333 0.0129 
| qa -2”) 0.02 |0.02 | 0.425/0.347\0.0171|| g ~°-15) 0.02 |0.03 |0.389|0.404/0.0171 
| 0.025 0.025 | 0.444 0.400 0.0213 | 0.025 0.0375 0.403/0.475|0.0213 
0.03 ee 0.458 0.451 0.0255 [0.03 0.045 0.414 0.544/0.0256 
0.005.0.005 | 0.299 0.154 0.0044 [ 0.005 0.0075 0.292 0.160,0.0044 
[ea 0.01 | 0.3710.218 0.0086 0.01 (0.015 |0.353/0.234/0.0086 
d’ 0.015.0.015 | 0.411 0.2700.0126)| d’ 0.015,0.0225 0.386 0.298/0.0126 
q 79°79} 0.02 0.02 | 0.4390.3180.0166 g ~°°?| 0.02 |0.03 |0.409|0.360/0.0166 
0.025.0.025 | 0.460 0.364 0.0206 0.025 (0.0375 0.424/0.420/0.0206 
0.03 0.03 | 0.4750.408 0.0246 [0.03 |0.045 |0.436 0.478 0.0246 
=e ae / ape ln aa { 0.005 0.0075 0.304/0.152/0.0044 
0.01 0.01 | 0.382,0.206 0.0085) 0.01 0.015 0.369 0.216,0.0084 
, _} 0.0150.015 | 0.425.0.2520.0124) a’ i 0.015 0.0225 0.404|0.271/0.0123 
> =9-25) 9.092 0.02 | 0.454'0.294:0.0162|| g ~9-7°| 0.02 |0.03 |0.428/0.325/0.0161 
0.025 0.025 | 0.475/0.333 0.0200 0.025 0.0375 0.444/0.373/0.0199 
: 0.03 0.03 yea eciaad 0.03 0.045 |0.457/0.423/0.0237 
| 


ee eS ee 
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TABLE 12.—_USE FOR COLUMNS 


Nites Eee A P =total strength of reinforced column, for stress f;. 
Hee P’ =total strength of plain column, for stress fe. 
n=10 n=12 | n=15 n=20 
p 

-. 

Values of — 

alu Pp’ 
0.005 1.045 1.055 1.070 1.095 
0.006 1.054 1.066 1.084 1.114 
0.007 1.063 1.077 1.098 By 
0.008 1.072 1.088 pes i b 1.152 
0.009 1.081 1.099 1.126 by Iya | 
0.010 1.090 1.110 1.140 1.190 
0.011 1.099 1.12) 1.154 1.209 
0.012 1.108 1.132 1.168 1.228 
0.013 Lote 1.143 1.182 1.247 

0.014 1.126 1.154 1.196 2 Fe 

0.015 UpGle ss 1.165 1.210 1.285 
0.016 1.144 1.176 1.224 1.304 
0.017 Pe los 1.187 / 1.238 1.323 
0.018 1.162 1.198 1,252 1.342 
0.019 PeL7k 1.209 1.266 1.361 
0.020 1.180 1.220 1.280 1.380 
0.021 1.189 1.231 | 1.294 1.399 
0,022 1.198 1,242 1.308 1.418 
0.023 1.207 1.253 1.322 1.437 
0.024 1.216 1.264 1.336 1.456 
0.025 1.225 1.275 1.350 1.475 
0.026 1.234 1.286 1.364 1.494 
0.027 1.243 1.297 1.378 1.513 
0.028 1.252 1.308 1.392 1.532 
0.029 261 1.319 1.406 1.552 
0.030 1.270 1.330 1.420 1.570 
0.031 1.279 | 1.341 1.434 1.589 
0.032 1.288 1.352 1.448 1.608 
0.033 1.297 1.363 1.462 1.627 
0.0384 1.306 1.374 1.476 1.646 
0.035 1.315 1.385 1.490 1.665 
0.036 1.324 1.396 1.504 1.684 
0.037 1.333 1.407 1.518 1.703 
0.038 1.342 1.418 1.582 1.22 
0.039 1.361 1.429 1.546 1.741 
0.040 1.360 1.440 1.560 1.760 


a ee a as ai ee, tame FRY 


x 
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TABLE 13.—NUMBER OF RODS AND SECTIONAL AREA IN SQUARE 


INCHES FOR BEAM AND COLUMN REINFORCEMENT 


16 


Size of rod eet Ge rr SO AQ at 19 eas ia Wits ese 

Pes eae 0.78) 0.98} 1.18] 1.37) 1.57] 1.77] 1.96] 2.16] 2.36] 2.55] 2.75] 2.94] 3.14 
square | 1.00/ 1.25] 1.50| 1.75] 2.00] 2.25] 2.50| 2.75| 3.00] 3.25| 3.50| 3.75] 4.00 
et aoe 0.99] 1.24) 1.49) 1.74] 1.99] 2.24) 2.48) 2.73] 2.98) 3.23] 3.48] 3.73] 3.98 
square | 1.27) 1.58) 1.90) 2.21) 2.53) 2.85] 3.16] 3.48] 3.80] 4.11] 4.43| 4.75) 5.06 
” Baan 1.23| 1.53] 1.84] 2.15| 2.45] 2.76) 3.07| 3.37| 3.68| 3.99] 4.30] 4.60| 4.91 
square | 1.56| 1.95) 2.34] 2.73) 3.12| 3.52] 3.91| 4.30] 4.69) 5.08] 5.47| 5.86| 6.25 
”” = 1.48] 1.86, 2.23] 2.60] 2.97) 3.34] 3.71] 4.08] 4.45] 4.83] 5.20) 5.57| 5.94 
square | 1.89] 2.36, 2.84) 3.31, 3.78| 4.25] 4.73] 5.20] 5.67| 6.15| 6.62] 7.09| 7.56 

i-—_——_ —_—_—_ |_| | _—_—— 
” ee 1.77 2.65| 3.09| 3.53) 3.98) 4.42] 4.86] 5.30] 5.74] 6.19] 6.63) 7.07 
square | 2.25| 2.81) 3.38] 3.94) 4.50 5.06) 5.62) 6.19 6.75| 7.31) 7.88] 8.44] 9.00 
Bn” i 2.07| 2.59) 3.11) 3. 63| 4.15| 4.67 5.18| 5.70 6.22| 6.74|-7.26| 7.78| 8.30 
square | 2.64) 3.30, 3.96) 4.62) 5.28) 5.94) 6.60, 7.26) 7.92] 8.58) 9.24) 9.90| 10.58 
yr {round | 2.41) 3.01| 3.61| 4.21| 4.81] 5.41| 6.01] 6.61| 7.22| 7.82| 8.42] 9.02] 9.62 
square | 3.06, 3.83) 4.59| 5.36, 6.12) 6.89) 7.66] 8.42) 9.19] 9.95|10.72/11.48] 12.25 
jy { Tound | 2.76 3.45) 4.14) 4.83] 5.52] 6.21| 6. .59| 8.28) 8.97] 9.66/10.35] 11.04 
square | 3.52) 4.39 5.27) 6.15, 7.03) 7.91] 8.79) 9.67 10.55)11.43|12.30|13.18| 14.06 
a round | 3.14) 3.93, 4.71] 5.50, 6.28| 7.07) 7.85] 8.64| 9.43/10.21|11.00|11.78| 12.57 
square | 4.00, 5.00 6.00) 7.00, 8.00) 9.0010.00/11.00/12.00/13.00/14.00|15.00| 16.00 

Set SES hee eae Es (eas, Ree prea) 
iy { round | 3.98, 4.97) 5.96 6.96) 7.95) 8.95] 9.94/10. 94 11.93/12.92]13 .92/14.91] 15.90 
square | 5.06, 6.33, 7.59) 8.86 10.12/11.39|12.66|13.92/15.19|16.45|17.72|18.98| 20.25 
yy { round | 4.911 6.14) 7.36] 8.59) 9.82/11.04/12.27/13.50|14.73/15.95/17.18|18.41| 19.64 
| square | 6.25 81 9.37/10.94/12.50|14.06/15.62/17.19 18.75/20.31|21.87|23.44| 25.00 
yr {tound | 5.94) 7.42) 8.91 10.3911,88 13.36)14.85)16.33/17 .82/19.30}20.79)22.27/ 23.76 
TL eanare | 7.56) 9.45 11.34/13.23 15.12/17.01/18.91|20.80/22.69|24.58/26.47|28.36| 30.25 
Wy” NEES T oted 7.07) 8.84|10.60/12.37|14.14|15.90|17.67|19.44/21.21|22.97|24.74/26.51| 28.27 
_—-_Vequare_ 9.00/11.25/13.50|/15.75|18.00/20.25|22.50|24.75|27 .00/29.25|31.50/33.75| 36.00 

wan REeS TCA anaet Saag ce ee) es aes 
a (round | 8.30 10.37/12.44|14.52/16.59|18.67/20.74|22.81|24.89|26-96/29.03)31.11| 33.18 
3 = Ve auare | 10.56/13.20|15.84|18.48/21.12|/23.77/26.41|29.05/31 .69|34.33/36.97|39.61| 42.25 
ee Fsound | 9.62/12.03/14.43]16.84|19.24121.65|24.05|26. 46|28.86|31.27/33.67|36.08| 38.48 
i square |12.25|15.31|18.37|21.44/24.50|27.56|/30.62/33 .69/36.75/39.81|42.87/45.94| 49.00 
» Jf round 11.04/13.81/16.57|19.33|22.09|24.85|27.61|30.37|33.13/35.90|38.66|41.42| 44.18 
1% square |14.06|17.58|21.09|24.61/28.12/31.64|35.16|38.67/42.19/45.70|49.22|52.73| 56.25 
- round |12.57/15.71/18.85 21.99|25.13|28.27|31.42/34.56/37.70|40.84/43.98/47.12| 50.27 
od square |16.00|20.00/24.00|28.00/32.00|36 .00|40.00/44 00/48 .00|52..00|56 .00/60.00| 64.00 
23” {round |15.90/19.88|23.86/27.83/31.81/35.78/39.76|43.74/47.71]51.69|55.67/59.64| 63.62 
square |20.25|25.31|30.38 35.44/40.50/45.56/50.62|55.69|60.75|65.81|70.87|75.94 81.00 
23” fround |19.6324.54/29.45/34.36/39.27 44.18/49.09|54.00/58.90/63.81|68.72|73.63, 78.54 
square |25.00|31.25/37.50 43.75 50.00|56.25/63.50/69.75|75.00|81.25/87 .50/93.75)100.00 

| 
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TABLE 14.—HOOPED COLUMN REINFORCEMENT 


Diameter of en- Pitch Section area of Length of hooping 
closed concrete (inches) hooping (square in 1 ft. in height 

(inches) inches) (inches) 
Pe aa 1 0.020 302 
1} max. 0.025 242 
9 1 0.022 339 
14 max. 0.034 226 
10 1 0.025 377 
1 max. 0.041 232 
11 1} 0.031 369 
1} max. 0.048 237 
12 1} 0.037 362 
2 max. 0.060 226 
13 13 0.045 356 
2} max. 0.069 230 
14 13 0.048 384 
24 max. 0.079 234 
15 1} 0.056 377 
24 max. 0.094 226 
16 1g 0.065 371 
: 2} max. 0.100 241 
a 13 0.074 366 
2} max. 0.106 256 
18 1} 0.084 362 
24 max. 0.112 271 
19 1} 0.089 382 
2} max. 0.119 287 
20 2 0.100 377 
2} max. 0.125 302 
21 2} 0.112 373 
24 max. 0.131 317 
22 2 0.124 369 
24 max. 0.137 332 
23 2} 0.130 386 
2) max. 0.144 347 
24 2} 0.142 381 
2) max. 0.150 362 
25 2} max. 0.156 377 
26 2} max. 0.162 392 
oi 2} max. fo 0.169 407 
28 2) max. 0.175 422 
29 2} max. 0.181 437 
30 2) max. | 0.187 452 
31 24 max. 0.194 467 
32 2} max. 0.200 483 
33 2} max. 0.206 498 
34 2} max. 0.212 513 
35 2} max. 0.219 528 
36 2} max. 0.225 543 


_  eSeFSFSSSSFMSSSssFhFFSSSSssFsFeFeFeFsSsFMhesF 
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TABLE 15.—MAXIMUM DIAMETER OF ROUND OR SQUARE 
STIRRUPS 
(From Taylor and Thompson’s ‘Concrete, Plain and Reinforced’’!) 


7 u 
41=2.4—d 
3 ithe 


Table gives values of 2.4 ; for different values of tension and bond. 


Allowable unit Allowable unit tension in stirrups (fs) 
bond stress (u) (Ib. per sq. in.) 
| 
Lb. per sq. in. | 12,000 14,000 15,000 16,000 20,000 
| | 
80 \ 0.016 0.014 0.013 0.012 0.010 
100 | 0.020 0.017 0.016 0.015 0.012 
120 0.024 0.020 0.019 0.018 0.014 
150 | 0.030 0.026 0.024 0.022 POO 


TABLE 16.—MINIMUM LENGTH OF EMBEDMENT OF INCLINED 
RODS 
(From Taylor and Thompson’s “Concrete, Plain and Reinforced’’!) 
(Round or square) 


ig =f diameters. 


Table gives values of fe for different values of tension and bond. 


Allowable unit Allowable unit stress in inclined rod (fg) 
bond stress (u) (Ib. per sq. in.) 


Lb. per sq. in. 


12,000 | 14,000 | 15,000 | 16,000 | 20,000 


Transverse Spacing of Reinforcement. 


Least width of beam should be the greater of the two values 
determined from the following formulas: 
b = [2.5(n—1)+4]d, 
b = a,(n+1)+nd, 
in which b = least width of beam. 
d, = thickness of the rods, 
| = maximum number of rods which occurs 
: in a horizontal layer. had 
dg = maximum size of aggregate in inches. 


1 From Taylor and Thompson's “‘ Concrete, Plain and Reinforced,” 2nd edition, page 454. 
Copyright, 1905, 1909, by Frederick W. Taylor. 
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Depth of Concrete Below Rods. 


SLABS 
Depth to steel (d) Depth below center of steel 
34 in. and under 2 in. 
Between 3} in. and 4} in. Lm 
4} in. and over 1} in. 


BEAMS AND GIRDERS 


Depth to steel (d) Depth in the clear below steel 
10 in. and under iN pan 
Between 10 in. and 20 in. 1} in. 
20 in. and over. es Shale 
Formulas for Shear. 
ds Stl 
~ bid ag 


Formula for Bond of Tension Rods. 


——~ 


Sojd 
Formulas for Vertical Stirrups. 
_ 3asfajd ie L vw’bjd 
Tears ae= 45g ergo ae (uniform loading only) 
i= or < 2.4"d 
Z 


Formulas for Inclined Rods. 


te 
ae a) 


— 


diameters x,= or < s( ~ \ Br) (uniform loading only) 
0: 7Vs 


hid 


ue (45 degrees inclination) 


CHAPTER VIII 
SLAB, BEAM, AND COLUMN DIAGRAMS 


73. Illustrative Problems.—In this article the same illustrative 
problems will be worked out as in Art. 72. It is thought by so 
doing a good comparison can be made between tables and dia- 
grams as to their advantages and limitations. The working 
stresses recommended by the Joint Committee will be employed 
throughout. 

1. Design a beam to span 40 ft. and to support 600 Ib. per foot (includ- 
ing weight of beam). Beam is assumed to be simply supported. 

In Diagram 1, the intersection of the curves f,=650 and f,=16,000 is 
firstfound. Tracing down, 7 is found to be 0.0077, and tracing horizontally 


K a) i bamnid to be 1075 


M a am) o al 1,440,000 in.-lb. 
1,440,000 
2 2 — Z 
bd? = 1073 7 13,400. 


b=18 in. and d=27 1/2 in. will be satisfactory. Area of cross-section, 
bd = (18) (27.5) =495 sq. in. 
a, = (495) (0.0077) =3.81 sq. in. 

We shall select four 1 1/8-in. round rods =3.98 sq. in. 

Diagram 1 may be also employed to determine the safe resisting moment 
of a given beam and the greatest unit stresses in the steel and concrete 
due to a given bending moment. 

To determine the safe resisting moment of a given beam, the value of p 
should be computed. After finding this value on the lower margin, trace 
vertically, stopping at the first of the two curves fe-=650 and fs;=16,000 
(assuming the allowable stresses as recommended by the Joint Committee). 
Now trace horizontally to either side margin and the value of K is found. 
Then, M=Kbd?. Consider a beam of the above dimensions to have 1 per 
cent of steel. Tracing vertically from this value on the lower margin, the 
650 is the first curve to be reached and at a value of K=117.0 M= 
(117) (18) (27.5)? =1,593,000 in.-lb. 

To determine the greatest unit stresses in the steel and concrete of a given 
beam due to a given bending moment, the value of p should be computed 


as before. Also, K should be computed from the formula K = With 


these values of p and K, find the intersection of the vertical and horizontal 

lines through these values respectively, and from the adjacent steel and con- 

crete curves the values of f- and f, may be estimated. Consider a beam of 
17 215 
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the above dimensions and with 0.7 per cent of steel, to be subjected to a 


: : 1,200,000 : 
bending moment of 1,200,000 in.-lb., or K=7§)(27.50)) 937 The inter- 


section of the vertical and horizontal lines through these values respectively, 
gives fe-=550 and fs=14,400. This procedure is followed in reviewing beam 
design. 

Diagram 1 may be also employed to find minimum allowable depth of 
beam for a given percentage of steel and various assumed widths, also to 
find the amount of steel for a beam with given loading. The preceding 
discussion and the discussion under Problem 1 of the preceding article should 
make clear the method of procedure. 

2. Design a beam to span 10 ft. and to support a load of 4900 lb. per foot. 
Beam is assumed to be simply supported. 

We shall use Diagram 7 in the design of this beam. The weight of beam 
will be assumed at 400 lb. per foot. 


_ wl? _ (5300) (10)2(12) _ 
i San 8 a 


795,000 in.-lb. 


Assuming a width of beam of 14 in., the bending moment to use for one inch 
in width is 

a5 ION 56,800 inode 

14 
Selecting this value on the left-hand margin of Diagram 7, Part 3, and 4 low- 
ing the horizontal line to the right, a depth (d) of 23 in. will give maxim im 
efficiency. This is shown by the fact that the horizontal line men’ i.oned 
above meets a line half way between d= 22 in. and d=24 in. much closer to 
the break in the curves than it does any other line representing depth. The 
area of steel required, shown by the curved lines crossing the d lines, is found 
to be 0.178 sq. in. per inch width or (0.178) (14) =2.49 sq. in. for the beam. 
We shall select ten 9/16-in. round rods=2.485 sq. in. The spacing of the 
rods at the center of beam is shown in Fig. 56. This beam as designed con- 
tains two rows of steel and the computed weight per foot is 
7? 379 lb. 

The assumed and calculated weights do not differ materially and the beam 
as designed will be considered satisfactory. 

It should be noted that Diagram 7 may be employed for all cases cited 
under Problem 1 except the case of finding the greatest unit stresses in the 
steel and concrete due to a given bending moment. The student should 
have no difficulty in determining the method of procedure. 

Diagram 1 may also be used in the above design. 

3. What safe load per square foot (including dead weight) can be sup- 
ported by a slab 6 in. deep (d=4 3/4 in.) and 10-ft. span reinforced with 
1/2-in. round rods placed 8 in. apart? The slab is simply supported and 
reinforced in only one direction. 

0.1963 
P* (8) (4.75) 
Referring to Diagram 6, Part 2, and tracing vertically from this value of p 
on the lower margin to an intersection with the curve of d=4 3/4 in., and 


=0.0052 
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then tracing horizontally to the left-hand margin, a bending moment of 

20,100 in.-lb. is found. 
Select this value of the bending moment on the left-hand margin of Dia- 
gram 5 and trace horizontally to the right to an intersection with a vertical 
wl? 


line through 10, denoting span length. The safe load, based on M =T0 


can now be estimated directly by means of the curved lines and is found to be 
168 lb. per square foot. 


(168) (0.80) =134 1/2 lb. per square foot, safe load for slab 
simply supported. 


4. Design a slab to span 6 ft. and to carry a live load of 250 lb. per square 
foot. Slab is to be fully continuous and reinforced in only one direction. 

Assume the weight of slab at 50 lb. per square foot. Total load for slab 
is thus 300 lb. per square foot. 

From Diagram 5 for this span length and load per square foot, a bending 


sJ2 
moment of 11,000 in.-lb. is found, based on == Diagram 6, Part 1, shows 
that a depth (d) of 3 in. will be ample—total depth 3 3/4 in. Also, as= 


0.275 sq. in. 

From Diagram 3, we may use 3/8-in. round rods spaced 43/4 in. on centers, 

5. Design the center cross-section of a T-beam in a floor system; the beam 
is to have a span of 12 ft. and be fully continuous. Maximum shear (live 
plus dead) is closely equal to 12,200 lb. Maximum moment (live plus dead) 
=356,300 in.-lb. Supported slab is 6 in. thick. 

Diagram 8 cannot be employed to solve for the resisting moment of a 
given beam but is useful in designing. Formula (7), Art. 59, may be put 
in the following form 


M (2 \ hear 
pafe(1~aea) af 
k andj in this equation are functions of f, and f,, and hence the variables are 


fe, fs, and the ratio + 
this equation with a fixed value of f,=16,000 Ib. per square inch. Values of 


The curves at the left in Diagram 8 are plotted from 


Jc may: be determined for various values of a and 7 or values of oe 


3 t 
may be determined for various values of f/f, and az It must-not be over- 


looked, however, that this diagram will apply only when the amount of steel 
is such that f,=16,000 lb. per sq. in. This amount of steel may be easily 
determined when the corresponding j is found from the curves at the right 


of the diagram. Suppose i= 80 and ; =(0.2, then the intersection of 


horizontal and vertical lines through these values respectively shows f; to 
equal 600, and then tracing from this intersection horizontally to the right 
until the vertical line is reached indicating f-=600 (at the right-hand side 
; WE nner 
of the diagram), we find 7 equal to 0.91. Finally, as Fe in which 7 =0.91, 
8. 


fe=16,000, and M and dare known. Diagram 8 will now be employed in 
working out the problem stated at the beginning of this discussion. 
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The breadth of the flange is controlled by one-fourth the span, or 36 in, 
Assuming a depth (d) of 16 in. 

M _ 356,300 

bd? (36) (16)? 
For this value of SS and for oe 
this beam falls under Case I; that is, the neutral axis is in the flange. 

Diagram 1 may be used for T-beams under Case I when the problem falls 
within the limits of the curves. In the problem at hand, a horizontal line 
through the value 38.7 for K would intersect the oblique line fs = 16,000 some 
distance below the diagram. It should be noted that the corresponding ~ 
value of f, is considerably below 400. 

Diagram 7, Part 2, may be used to determine the amount of steel required. 
356,300 _ 

36 
in.-lb. The intersection of a horizontal line through this value and the 
curve for d=16 in. shows p to be 0.0028, or as=(0.0028) (36)(16) =1.6 
sq.in. This diagram also shows that the stress in the concrete is far below 
the allowable. 

6. The flange of a T-beam is 24 in. wide and 4 in. thick. The beam is to 
sustain a bending moment of 480,000 in.-lb. What depth of beam and 
amount of steel are necessary? 

We will try d=18 in. 


= 38.7 


=0.375, we find from the diagram that 


The bending moment to use for one inch width of beam is 


M _ 480,000 
bd? (24) (18)? 


For this value of ne and for eh = 0.222, we find from Diagram 8, f;= 


=61.6 


4 

bd? d 18 

485 lb. per square inch and 7 =0.910. Then, 
& 480,000 

(16,000) (0.910) (18) 


The stress in the concrete of 485 is permissible and the beam as designed is 
satisfactory. 

Suppose 2.0 sq. in. of steel were inserted in a beam of the above dimensions, 
and suppose that the safe resisting moment is desired. Diagram 9 must be 
used for this case. 


ds = 1.84 sq. in. 


2.0 


= 0.222 as before. Tracing vertically from this value on the lower margin 
to a value of p=.0046 and then tracing horizontally to the left margin, we 
find a value of k=0.32 Now tracing horizontally to the right until the 
vertical line is reached indicating p=.0046 (at the right-hand side of the 
diagram); we find 7 equal to 0.91 
M,=fsasjd = (16,000) (2.0) (0.91) (18) =525,000 in.-lb. 
_ fsk _ (16,000)(0.32) _ 
f-ing —k) (50 =680.0 0 

fe is less than 650; hence, the resisting moment depends upon the steel, or 
M,=525,000 in.-lb. 
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7. Design a T-beam with span of 40 ft. Assume dead load=1400 lb. 
per foot. Live load =3000 lb. per foot. The beam is to be simply supported 
at the ends and the flange is to be proportioned as well as the web; that is, 
the flange does not form a part of a floor system already determined. 

From Art. 61, b’=18 in. and d=47 in. are suitable dimensions and a 
thickness of flange of 12 in. is tried. The total bending moment on the 
beam is 10,560,000 in.-lb. 


peal 
By means of Diagram 8, we find that with /,.=650 and ; =0.256, the 
M 
value of bd? 99-2 Then, 
_ 10,560,000 _ 


b 48 in 


~ (99.2) (47)? — 
Also, from the diagram, 7=0.892, Then, from Formula (7), Art. 59, 
oe 10,560,000 

~ (16,000) (.892) (47) 


The detailed design of this beam has been given at the end of Art. 61. 

8. A continuous T-beam, uniformly loaded, has a bending moment at 
the center of each span of 358,000 in.-lb. Negative bending moment at the 
supports and the positive bending moment at the center of span are figured 


as 


=15.7 sq. in. 


J 2 
by the formula, M -". The tensile steel at the center of span consists of 


four 3/4-in. round rods. 6’=9in. d=15.5in. Design the supports. 

Diagrams 10 and 11 have been prepared to solve problems involving the 
determination of stresses for rectangular beams with steel in top and 
bottom. The formulas used in constructing these diagrams are radically 
different from those previously employed and an explanation of them will 
now be given. 

Compressive reinforcement needs to be used only when the compressive 
concrete, if unreinforced, would be stressed too high. The question then 
arises of how much compressive reinforcement is needed to reduce the stress” 
in the concrete to within the working limit. Let the following notation be 
used: 


With no compressive reinforcement.............+++++-++5 Tes fs; Rs 1- 
With compressive reinforcement............+++++-- inescfer tes h', 7". 
Formula 2, Art. 33, may be written as follows: 
_ Sek 
fe= n(1—k) 
We also have 
M 
So= dajd 
Sak Mk (1) 


*» Se- 5) jdasn(Q—h) 
Referring to Formula 1, Art. 62, and knowing that the fiber stress in the 


M 
tensile steel of double-reinforced beams may be expressed by aad 
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(using the proper value of j) the same as in rectangular and T-beams, we 
obtain 


rd po 
“70 —) endl g]'d 
Sf’ Mk’ (2) 


Pe tl ee as 
ae °n(l—k’)  7/dagn(1—k’) 
From these equations (1) and (2), the relative reduction in f, due to the 
addition of compressive steel is found to be 


fo-f'e_y 1 Wink 3) 

te 7) hk 1—k’ 

‘Since 7 and & depend on p, and 7’ and #’ on p’, equation (3) may be employed 
to show the relative reduction of f, for different percentages of tensile and 
compressive steel due to the addition of the steel in the compression side of 


: d 
the beam. Diagram 10 gives concrete curves for various values of a It 


was found when constructing the diagram that, in some instances, one 
concrete curve may be employed with sufficient accuracy to represent two 
and sometimes three percentages of tensile steel. 

Adding compressive steel also reduces the stress in the tensile steel. 
Using the same notation as above 

M ee Os 
fag aa 

. So—f's =} we 

Pee 2 7 
The tensile steel curves, Diagram 11, give this relative reduction for different 
percentages of tensile and compressive steel. Diagrams 10 and 11 will now 
be employed in working out the problem stated at the beginning of this 
discussion. 

Two of the tensile rods on each side of the supports will be bent up and 
made to lap over the top of the supports, while the other two rods on each 
side will be continued straight and lapped over supports at the bottom of 
beam. 

The ratios of steel in tension and compression are the same, and are 
respectively: 


ld 
We will assume : =0(0.1 as before. 


The stress in the steel and concrete at the support must first be found 
with no compressive reinforcement. Diagram 1 may be employed when 
the values sought come within the limits of the curves. In this problem 
it will be necessary to employ Diagram 2 and do some computing. For 
p=0.013, 7=0.847 and k=0.452 Then 


358,000 i : 
fo= 013) (0.847) (9) (i583 15,050 lb. per square inch. 
fon (2) (15,050) (0.013) 

tr 0.452 


= 865 lb. per square inch, 


I a a 
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The question now arises,—is the stress in the concrete brought down to a 
value 750 lb. per square inch (or less) by the introduction of 1.3 per cent of 
compressive steel. Also, the corresponding value of f, should usually be 
determined. 


Using Diagram 10 for 4 =0.10 and for p’=0.013 and p=0.013, the 


relative reduction in the stress in the concrete is found to be 33.3 per cent, 
or the resulting stress equals 865 — (.333)(865) =577 Ib. per square inch. 
Using Diagram 11, the relative reduction in the stress in the tensile steel 
equals 4.4 per cent; that is, the maximum tension in the steel is 14,390 lb. 
per square inch. The stresses in the concrete and steel are within the 
allowable and no haunch or additional steel are necessary. 

9. The effective area of a column is 144 sq. in.; load to be carried is 80,000 
lb.; and working stress on the concrete is 450 Ib. per square inch. What 
percentage of longitudinal bars without hooping will be required? Take 
n=15. 

The safe strength of a plain concrete column would be 

» 144450 =64,800 lb. 


Hence, 
P. 80 
Pi = 648 =1.235 
From Diagram 12, for n=15, and p=0.017 
P 
p77 1.238 


Thus, 1.7 per cent of steel is required, and 
A,= (144) (0.017) =2.45 sq. in. 


PROBLEMS 


Unit stresses recommended by Joint Committee are to be used in all the 
following problems. Solve by using Diagrams, 

75. Determine the cross-section and number of 1-in. round rods required 

for a rectangular girder to span 20 ft. and to sustain a live load of 2000 

Ib. per foot. The bending moment is to be figured by the formula 


5] 2 
M= 2 Design this girder by both Diagrams 1 and 7. 


76. Design a slab to span 4.5 ft. and to carry a live load of 300 lb. per 
square foot. Slab is to be fully continuous and reinforced in only one 
direction. P 

77. Design the center cross-section of a T-beam, fully continuous, having 
a span of 16 ft. Maximum shear (not including dead weight of stem) 
is 13,000 Ib. Maximum moment (not including dead weight of stem) 
= 628,000 in.-Ib. Supported slab is 5 in. thick. The depth of beam 
(d) is fixed at 18 in. ¥ 

78. Solve Problem 77 considering the slab 3 3/4 in. thick. 

79, A continuous T-beam, uniformly loaded, has a bending moment at the 
center of span of 1,400,000 in.-lb. Negative bending moment at the 
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supports and the positive bending moment at the center of span are 
figured by the formula ae The tensile steel at the center of span 
consists of four 1-in. round bars. b’=10 in. d=25 in. Design the 
supports assuming oes. Assume two of the rods to be bent up 


d 
and lap over the top of the supports. Consider the other two rods to 


lap at the bottom of beam. 


Values of K 
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= * DIAGRAM I ° 
USE FOR DESIGN OF RECTANGULAR BEAMS 
Based on n=!5 
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. DIAGRAM 2° 
CURVES FOR J AND k FOR RECTANGULAR BEAMS 
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* DIAGRAM 3- 
SPACING OF ROUND RODS IN SLABS 
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Spacing of Square Rods im Inches 


* DIAGRAM 4° 
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* DIAGRAM 5°: 
BENDING MOMENTS FOR UNIFORMLY DISTRIBUTED LOADS 
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+ DIAGRAM 6: PART 1° 
USE FOR DESIGNING SLABS 
Based on -!6000; f¢=650; n='5 
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* DIAGRAM -6: PART 2: 
USE FOR DESIGNING SLABS. 
Based on =!6000; *=650; n=I5 
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* DIAGRAM 7: PART 1 
USE FOR RECTANGULAR BEAMS 


DEPTH AND AREA OF STEEL FOR BEAMS ONE INCH IN WIDTH 
Based on fs=16000; {=650, n=I5 
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DIAGRAM 7- PART 2 
USE FOR RECTANGULAR BEAMS 


DEPTH AND AREA OF STEEL FOR BEAMS ONE INCH IN WIDTH 


Based on f=16000; R=650 , n=I5 
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DIAGRAM 7 PART 3° 
USE FOR RECTANGULAR BEAMS 
DEPTH AND AREA OF STEEL FOR BEAMS ONE INCH IN WIDTH 
Based on f=!6000, &=650 , n=I5 
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* DIAGRAM 1|0- 
USE FOR RECTANGULAR BEAMS WITH STEEL IN TOP AND BOTTOM 
CONCRETE CURVES 
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* DIAGRAM II: 
USE FOR RECTANGULAR BEAMS WITH STEEL IN TOP AND BOTTOM 


Based on n=15 
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* DIAGRAM 12: 
USE FOR COLUMNS 
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CHAPTER IX 
BENDING AND DIRECT STRESS 


74. Theory in General.—Consider any given section of a 
beam or column and locate its center of gravity. Now, if the 
resultant of the forces on one side of the section does not pass 
through this center of gravity, bending will result, and the 
distribution of stress normal to the section will not be uniform. 
Bending may result from lateral pressure; or it may be due to the 
eccentric application of a force in the direction of the axis; or 
it may be due to the two combined. 

If the structure considered is a beam and is acted upon by 
forces which are all normal to its length, then the stresses 
resulting are due to simple bending and the formulas already 
deduced may be employed. If, however, any of the forces acting 
throughout the length of a beam be inclined, or if additional 
forces be applied at the ends, then our beam formulas for simple 
bending will not apply. Likewise, in columns, if the load be 
eccentrically applied or if lateral pressure be exerted, both 
bending and direct stresses will result and the ordinary column 
formulas cannot be used. 

The same combination of stresses occurs also.in arch rings and 
may occur in special cases. The formulas to be derived can be 
employed in any type of reinforced concrete structure provided 
the normal component of the resultant thrust on the given section 
acts with a lever arm about the center of gravity of the section. 
In long beams and columns, the deflection resulting from flexure 
should be given consideration when determining the eccentricity 
of the axial and inclined forces. 

Let us first consider structures of homogeneous material, as 
structures of plain concrete. The distribution of pressure on 
any section due to a resultant pressure acting at different points 
will be explained. Consider a section represented in projection 
by EF, Fig. 84. When the resultant, #, acts at the center of 


_ gravity, O, the intensity of stress is uniform over the section 


and is equal to the vertical component of FR divided by the area 
of section, or oe If R acts at any other point, as N, and if 
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the projection of the section is taken such that the distance Lo 
represents the true lever arm of W about the center of gravity, 
then the force W is equivalent to an equal W at O and a couple 
whose moment is Wz,. The intensity of the uniformly varying 
stress due to this bending moment at a distance x from O is 
Wxoxr 
I 
in which J is the moment of inertia of the section about an axis 


(by the common flexure formula for homogeneous beams) , 


through O at right angles to the plane of the paper. At the edges 


Wrory 


E and F this intensity = Regarding compressive and 


tensile stresses as positive and negative respectively, the intensity 
of stress at edge E is 


W W202, 
Lia eT 
At edge F it is 
re Wrox, 
eer Oey 


If the stress f’. comes out minus, the value obtained is the 
maximum tension as shown in Fig. 85. In plain concrete con- 
struction a greater tension than about 50 lb. per square inch 
should not be allowed or else cracks may be expected on the 
tension side. 

When we come to reinforced concrete, which is composed of 
two materials (concrete and steel) with different values of E, 
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then the steel area at. any given cross-section may be replaced 
by an area of concrete equal to n times the area of the steel, 
placed in the plane of the steel reinforcement. This section 
may be called the transformed section, or section of concrete 


« 


| 


x 

o H 
{ue Center of 

Ey gravity " 

2 Y 

L 

© 


Fia. 86. 


theoretically equivalent in resistance to the actual section. 
Under this heading rectangular sections only will be considered 
and Fig. 86 represents a transformed section as referred to 


above. 
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Thus, if a, is the area of the concrete, and a, is the area of the 
steel =a-+da’; then the equivalent area 


A=a,+na,=bt+n(ata’) 


If I, is the moment of inertia of the concrete about the 
gravity axis, and J, is the moment of inertia of the steel about 
the same axis, then 

[=[,--nl, 
(fe ) W (+) W222, 


(f’c) dcetnds(—) le+nle 


and 


, 
If we denote p and p’ by = and - respectively, then the 


distance from the face most highly stressed to the center of 
gravity of the transformed section is (by moments) 


oD +nad+na’d’ 


i= A 


2 
ot + nad-tna'd! 
~~ bt-+n(a+a’) 
_ t/2+npd+np’d’ 
~  L+np+np’ 


Jo=1/8hi?-+1/30(t—w*=3] w+ (¢—w| 


T,=a(d—u)*?+a’(u—a’)? 
[=I-tnl,=% & (t-- | +na(d—u)?+na’(u—d’)? 


: : : t 
If the reinforcement is symmetrical, then w=; and 


I =1/12b03 +2na(1/2t—d’)?=1/12bé + 2npbt(1/2t—d’)? 
Since, A =bt+n(a+a’) =bt+nbt(p +p’) 
Sa: 
(f)_ sow (+) has 
(f’c) bt-+nbi(p+p’) (—) 1/12b+2npbi(1/2t—a’y? 

75. Case I. Compression Over the Whole Section.—The 
formulas above developed apply when the stress is either com- 
pression over the entire section, or when there is compression 
over a portion of the section with a tension over the remainder 
not exceeding the allowable tensile stress in the concrete. The 
formulas we shall use will assume rectangular sections with 
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symmetrical reinforcement and are given in the following form 
for convenience: 


r= 


| oe 


5d! 


(fe) iA 1 es?) 6Xot | (1) 
l+n(ptp’) (-) 4+24npr? (2) 


b 


(f’e) be 


Fia. 87. 


By referring to Fig. 87 it will be clear that the stress in the steel 
is always less than n Xf.; thus, if fe is kept within its allowable 
value, the steel is sure to be safely stressed. 
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Equation 2 gives a means of determining the eccentricity of the 
resultant force, or x, for which there can be neither tension nor 
compression at the surface opposite to that near which the thrust 
acts. To obtain the value of z, which gives a zero value to bie 
equate the two terms within the brackets, and solve. 


1 _ bz 
l+n(pt+p’) t?+24npr? 
or ~ 2+ 24npr? eb (3) 
°l+n(p+p’) 6t 
If n is assumed to be 15, and, if the steel is embedded in the 


ft 
concrete 1/10 of the total depth from each surface so that 2r= ab 


formula (3) may be written (since p, =p+p’) 
Lo 1+28.8po (4) 


t 6490p, 


If the values n=15 and Orit are substituted in formula 


(1), this formula becomes 


W 1 Ss 6 (5) 
ear list E> irae | 


or if the expression in the brackets is denoted by K, 


WK (6) 
fo=TFi 


: : 2 : x 

Diagram 13 gives values of K for various values of p, and ri 
The termination of the curves are determined by equation (4). 
For greater values of =, Case I does not apply; that is, there is 


tension in the concrete and Case II must be employed. 

76. Case Il. Tension Over Part of Section.—It will be on the 
safe side and convenient as regards the construction of working 
diagrams to consider that, when any tension exists in the concrete, 
the steel carries all the tensile stresses. In this case there are 
three unit stresses to be determined; namely, maximum unit 
compression in concrete f,, maximum unit compression in steel 
f’s, and maximum unit tension in steel f,. The general formulas 


previously developed are not applicable to this case and the 
following method may be used. 
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Referring to Fig. 88, it follows that 
Rees (7) 
rant 
and 


pan(-1) ) 


Since the resultant fiber stress equals W, 


-_ f'spobt  febkt fspobt 
—— 5 


axis 


a 
> 
5 
L ‘ 

Oo 


Fic. 88. 


Eliminating f’, and f, by means of equations (7) and (8) 
dt, + 2npohi— "po 


W= 9 i 
_febt, k?+2nkpo—NPo (9) 
ary: k 


19 
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The moment of the stresses about the gravity axis, eliminating 
f’s and f, as before, is 


_k 


M =soe|"p ase 1e-2h | ae) 


ki? 
or, if the quantity within the brackets is designated by L, then 


M=f.bt?L, or f=jpes ee 

The position of the neutral axis must be determined before 
equation (11) can be used. Since Wx,=—M we may multiply 
equation (9) by x, and equate it to equation (10). Proceeding 
in this manner the following equation results 


“s Lo ; 12 
x2—3( 1/2") 2+ mph =3np. (“242% ) ( ) 


: a + 
By solving this formula for"? using the values n= 15 and 2r= 5” 
we have 
3 
Lo gh? |g Se 14.4p, 


t 90p.k+3k?—45p, 
Diagram 14 based on equation (13) gives values of k for various 


(13) 


values of p, and =. L in equation (11), if solved for n=15, and 


ora, is as follows: 


lpet (ih eee (14) 
L ee +758 —2hk) 

Diagram 15 is based on this equation and gives values of L for 
various values of k and pp. 

The method of procedure in solving problems under Case II is 
as follows: (1) determine k from Diagram 14; (2) find L from 
Diagram 15; (3) solve equation (11) for f.; (4) find unit stresses 
in the-steel from formulas (7) and (8). 

Illustrative Problem.—A beam is 9 in. wide and 20 in. deep. The rein- 
forcement both above and below consists of 1 steel rod 1 in. in diameter 
embedded at a depth of 2in. At a certain section, the normal component 
of the resultant force is 60,000lb., acting at a distance of 3.4 in. from the 
gravity axis. Assume n=15, Compute the maximum unit compressive 
stress in the concrete. 

_ata’_ (2)(0.7854) 


fa ks (9) (20) = 0.0087 
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For these values of p, and =, Diagram 13 gives K =1.70 and shows that 


the problem falls under Case I. Then by formula (6) 


WK _ (60,000) (1.7 
Io= a 2 ‘) aS we 567 lb. per square inch. 


Illustrative Problem.—Change the eccentricity of the preceding problem 
to 6 in. and solve. 


For p.=0.0087 and “= 0.30, Diagram 13 shows that “2 is too great for 


the problem to come under Case I. The method of procedure for Case 
II must then be followed. 


Diagram 14 gives k=0.73 for the values of p, and = given above. With 


k=0.73 and p,=0.0087, Diagram 15 shows L to be 0.122. Solving equa- 
tion (11) 
M (60,000) (6) 
= = AO” = 820 Ib. pe 
te Lbi® ~ (0.122) @) (20)2 O Ib. per square inch 


Using the formula (8) gives 


i —e (- 1) = (15) (820) (oa0- 1) = 2830 Ib. per square inch. 
The stress f’, may be found by formula 7 but is always less than nx fo. 

Illustrative Problem.—An arch is 20 in. deep and is reinforced with 3 
rods 3/4 in. in diameter to each foot of width, both above and below. If 
the rods are embedded to a depth of 2 in. and the normal component of the 
resultant thrust on a section is 100,000 lb. for 1-ft. width of arch with an 
eccentricity of 3.4 in., determine the maximum intensity of compressive 
stress on the concrete. Assume »=15. 


_ (6) (0.4418) _ 
Po=~ (19) 20) =(0.0110. 
Ay ea 
; 30 =) 170 


Diagram 13 gives K=1.63 and the problem comes under Case I. Then 
by formula (6) 
WK _ (100,000) (1.63) 
Fo- Fy (12) (20) 


=679 lb. per square inch. 


PROBLEMS 


80. A rectangular beam is 8 in. wide and 20 in. deep, and contains four 1/2 
in. round rods both at the top and bottom. At a given section the nor- 
mal component of the resultant force is 77,000 lb. and acts at a distance 
of 2in. from the gravity axis. Assumen=15. (a) Compute the maxi- 
mum unit compressive stress in the concrete. (b) How much steel 
reinforcement would be needed to make the stress in the concrete 600 Ib. 
per square inch? 

81. Change the eccentricity in part (a) of the preceding problem to 5 in. and 
solve. 


WP. 


at ei i 
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Adhesion, of concrete and steel, 27-29 
working values of, 86 


Bars (see steel) 
Beams, arrangement of, 142, 143 
assumptions in common theory, 47-49 
bending and direct stress in, 241-249 
bond stress, 71, 74 
compression reinforcement in, 157-159 
continuous, 130-134 
deflection of, 124-128. 
depth of concrete below rods, 109 
design of a continuous beam at the supports, 159-164 
diagonal tension failures of, 74, 77-78 
diagrams (see Table of Contents) 
distribution of beam and slab load to girders, 141, 142 
distribution of slab load to cross-beams, 140, 141 
double reinforced, 157-159 
economical proportions, rectangular beams, 128, 129 
T-beams, 151, 152 
flexure and direct stress in, 241-249 
flexure formulas for reinforced concrete, 52-62 
formulas, 112, 113 
horizontal bars bent up for web reinforcement, 99-103 
inclined tensile stresses, 65-68 
inner forces in a homogeneous beam, 39-46 
methods of web reinforcement, 68-71 
notation, 111, 112, 126, 127, 151, 158, 160 
plain concrete, 49-52 
points to bend horizontal reinforcement, 105, 106 
ratio of length to depth for equal strength in moment and shear, 109, 111 
rectangular, 39, 134 
restrained, 129, 130 
shear failures of, 74, 77, 78 
shearing stresses, 63-65 
shear reinforcement for, 68-71 
steel in top and bottom, 157-159 
stirrups (see vertical stirrups) 
tables (see Table of Contents) 
T-beams (see T-beams) 
tests, 74-84 
transverse spacing of reinforcement, 107-109 
vertical and inclined reinforcement, 90-93 
vertical stirrups, 93 
vertical stirrups and bent rods combined, 103-105 
web reinforcement in, 68-71 
working stresses, 84-89 : 
Bending and direct stress, compression over whole section, 244, 246 
tension over part of section, 246-249 
theory in general, 241 
Bending test for steel, 24 
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Bent rods, 99-103 
combined with vertical stirrups, 103-105 
points to bend, 105, 106 

Bond, 27-29, 71-74, 86 

Broken stone (see stone) 

Broken stone screenings, 4 


Cement, general requirements, 2 
Cinder concrete, fireproofing, 6 
weight, 22 
Coefficient of expansion, concrete, 20 
steel, 24 
Columns, diagrams, 237 
plain conerete, 167-169 
hooped reinforcement, 171-173 
hooped and longitudinal reinforcement, 173 . 
longitudinal reinforcement, 169-171 
structural steel shapes, 174, 175 
tables, 210, 211, 212 
tests, 175-184 
value of longitudinal reinforcement, 185 
working stresses, 184, 185 
Concrete, advantage of combining with steel, 26, 27 
bond with steel, 27—29 
cinder, 6, 22 
compressive strength, 15-18 
consistency, 6 
contraction and expansion, 19, 20 
dry vs. wet, 6 
fireproofing qualities, 20, 21 
general requirements, 1 
modulus of elasticity, 32, 33 
proportioning by mechanical analysis, 7-14 
proportions commonly used, 1 
quantities of ingredients required per cubic yard, 14, 15 
shearing strength, 19 
table of compressive strengths, 17 
tensile strength, 18, 19 
theory of proportions, 7 
unit for proportioning, 6, 7 
waterproofing qualities, 21, 22 
weight, 22 
Continuous beam, design at supports, 159, 164 
moments in, 130-134 
Cross-beams (see beams) 


Deflection of beams, 124-128 
Deformed bars, 22, 23, 27 

Diagonal tension, 65-68 (see also shear) 
Diagrams (see T'able of Contents) 
Double-reinforced beams, 157-159 


Economical proportions of beams, rectangular, 128, 129 
T-beams, 151, 152 


Fireproofing qualities, 20, 21 
Flexure and direct stress, 241-249 
Formulas, bond, 73 
columns, 169 
continuous beams for moment, 131, 132 
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deflection, 126, 127 
economical depth of T-beams, 151 
flexure, ultimate loads, 58-61 
working loads, 53-56 
homogeneous beams, 39-41 
inclined rods, 102, 104-106 
rectangular reinforced concrete beams, 112, 113 
shear, 64 
T-beams, 145, 146 
transverse spacing of reinforcement, 107 
vertical stirrups, 93, 94, 95, 98, 104 


Girders (see beams) 
Gravel, 5, 6 
screenings, 4 


Hooks, 29 
Horizontal bars bent up for web reinforcement, 99, 103 


Inclined tensile stresses, 65-68 
Inner forces in a homogeneous beam, 39-46 


Mechanical analysis, 7-14 
Modulus of elasticity, defined, 29 
method of determining, 29-33 


Notation, 111, 112, 126, 127, 151, 158, 160 


Plain concrete beams, 49-52 

Properties of the material, 1-38 

Proportioning concrete, by mechanical analysis, 7-14 
theory of, 7 
unit for, 6 


Ratio of the moduli of elasticity, 29-34 
Rectangular beams (see beams) 
Reinforced concrete, advantages in the combination of concrete and steel, 
? 
arrangement of beams and girders, 142, 143 
beams, 26, 34, 39-166 
beams with steel in top and bottom, 59-159 
behavior under tension, 35, 36 
bending and direct stress, 241-249 
bond between concrete and steel, 27—29 
columns, 26, 27, 34, 167-186, 210, 211, 212, 237 
compared with terra-cotta for fireproofing, 21 
diagrams, 223-240 
double-reinforced beams, 59-159 
fireproofing qualities, 20, 21 
ratio of the moduli of elasticity, 29-34 
rectangular beams, 39-134 
repetition of stress, 37 
shrinkage and temperature stresses, 36, 37 
slabs, 135-140, 197-199, 205-229 
tables, 193-213 
T-beams, 143-146, 202-207, 233, 234 
waterproofing qualities, 21, 22 
Reinforcement (see steel) 
Repetition of stress, 37 
Restrained beams, 129, 130 
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Rods (see steel) 


Sand, broken stone screenings, 4 
clay in, 4 
gravel screenings, 4 
loam in, 4 
requirements, 2 
sharp, 2 
sieve analysis of, 3, 4 
size of grains, 2, 3 
specifications, 4 
with rounded grains, 2 
Shear, in homogeneous beams, 39-41 
in reinforced concrete beams, 63, 65, 75, 86, (see also diagonal tension) 
Shrinkage and temperature stresses, 36, 37 
Slabs, 135-140 
Steel, advantage of combining with concrete, 26, 27 
bond with concrete, 27—29 
coefficient of expansion, 24 
concrete as a protector against corrosion, 21, 22 
deformed bars, 22, 27 
loss of strength from overheating, 20, 26 
modulus of elasticity, 24, 29-31 
quality of, 22 
tensile strength, 24 
transverse spacing of reinforcement, 107-109 
types of reinforcement, 22 
Wire, 22, 25 
Stirrups, 93-98 
combined with bent rods, 103-105 
Stone, crushed, 4 
gravel, 5, 6 
maximum size of, 5 
quality required, 4, 5 
sieve analysis of, 5 


Tables (see Table of Contents) 
Tests, beam, 74-84, 146, 157 
column, 175-183 
T-beams, conditions met with in design, 152, 153 
design of, 143-146 
diagrams, 233, 234 
economical proportions of, 151, 152 
tables, 202-207 
tests, 146. 


Vertical and inclined reinforcement, 90-93 
Vertical stirrups (see stirrups) 


Waterproofing qualities, 20, 21 

Web, reinforcement, 68-71 (see also stirrups and bent rods) 
Wire, 22, 25 

Working stresses, 84-89, 184, 185 
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